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ABSTRACT
THE SYNTHESIS AND ADSORPTION OF SPECIFICALLY MODIFIED
POLYMERS
MAY 1994
ERIC W. KENDALL, B.S. CHEM., CALIFORNIA POLYTECHNIC STATE
UNIVERSITY AT SAN LUIS OBISPO
Ph. D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by; Professor Thomas J. McCarthy
A study of the adsorption of block copolymers with respect to such
variables as adsorption rate, concentration, molecular weight, relative block
sizes, architecture, adsorption solvent, and temperature was conducted for the
adsorption block copolymers to silanol surfaces.
Poly(styrene-6-isoprene) and poly(styrene-Z)-I,2-butadiene) with precise
molecular weight and narrow polydispersity were synthesized by anionic
polymerization techniques. These block copolymers were then specifically
modified to incorporate an organic moiety (sticky foot) which would
promote adsorption. Hydrosilylation to incorporate trimethoxysilanes into the
diene block was unsuccessful due to low reaction yields and crossiinking.
Hydroboration/oxidation to incorporate alcohols into the diene block was used
to prepare polymers for adsorption studies due to the high reaction yields with
no crossiinking.
Adsorption studies examining the effects of molecular weight, number of
adsorbing segments, time, concentration, polymer architecture, and adsorption
solvent were conducted for the adsorption to aerosil 130. Adsorptions were
analyzed by UV spectroscopy and thermal gravimetric analysis. Adsorption
studies examining the effects of molecular weight, relative block sizes, and
temperature were conducted for the adsorption to glass slides. Adsorptions
were analyzed by water contact angle and X-ray photoelectron spectroscopy.
The competitive polymer adsorptions between two different polymers
adsorbing to aerosil 130 were studied. Simultaneous adsorptions for two
polymers with respect to concentration were examined for three separate sets
of polymers. The polymers were adsorbed to aerosil 130 and analyzed by gel
permeation chromatography. Sequential competitive adsorptions for these
same polymer sets were also conducted using the same substrate and analysis
technique.
The effect of surface affinity on polymer adsorption was examined by
adsorbing one polymer sample to a series of different surfaces.
Poly(chlorotrifluoroethylene) polymers with carboxylic acid, alcohol, amine,
and ethyl ester surfaces as well as glass slide and aminated glass slide surfaces
were prepared and used for adsorptions. These adsorptions were analyzed by
X-ray photoelectron spectroscopy.
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CHAPTER 1
INTRODUCTION
1.1 Overview of Polymer Adsorption
The adsorption of honiopolyniers and copolymers plays a critical role in
many technologies such as adhesion ^ colloidal stabilization-,
biocompalability^ corrosion stability^, and lubrication-"^. Because of this,
polymer adsorption has become the subject of intensive research efforts trying
to understand the fundamental nature of polymer adsorption. The recent past
has seen a switch of focus from research on homopolymcr adsorption^"-^^ to
grafted polymer adsorption-^^"-'^-^ random copolymers-*^"^"-*^^, and more
recently, to block copolymer adsorption^''^^'^^.
Through the combination of experimental and theoretical research it is
currently accepted that polymer ad.sorpiions are controlled by a specific set of
energies. These different energies can be classified into three main areas, 1)
solvent/segment interactions with the surface, 2) conformational entropy of the
polymer, and 3) osmotic forces of an adsorbed polymer layer on a surface.
The first of these energies, solvent/segment surface interactions, is a sum
of two different interaction energies. These are the solvent/segment interaction
energy and the segment/surface interaction energy. The solvent/segment
interaction energy is described by the Flory-Huggins solution interaction
parameter, X- This is a measure of the affinity of the solvent to the polymer
segments, or how much the polymer "wants" to stay in solution. The
segment/surface interaction energy can be described by the surface interaction
parameter, Xs^~'"'^- ^^^'^ ^ measure of the free energy
difference for each
segment when a solvent molecule is displaced from the surface by a polymer
chain segment. The combination of these two parameters has some important
consequences for polymer adsorption. Polymer adsorption can result from
either a high surface interaction energy (exothermic) for the polymer segment
promoting adsorption, or a very low segment/solution interaction energy
(endothermic) such that the polymer segments prefer to remove themselves
from the solution and adsorb to the surface.
The second energetic factor is the loss of entropy associated with a
polymer adsorbing to a surface. During the adsorption to a surface, the
number of available conformations for the polymer decreases with respect to
the polymer in solution. The entropy loss is included in the critical surface
interaction parameter, Xs- The loss of entropy has been determined to be a
constant^^'^^ and is considered to be on the order of a few tenths of a kT per
segment^^"^-^'^^.
The final energetic factor involved in polymer adsorption is the osmotic
force. This osmotic or crowding term is the repulsive energy associated with
the increase in segment density when a polymer adsorbs to a surface. For each
polymer layer there is an associated osmotic force trying to dilute this adsorbed
layer. The more polymer segments try to adsorb to a surface, the larger this
repulsive osmotic force becomes, until ultimately this osmotic force overcomes
the segment/surface interaction energy and the adsorption is halted^^'^^.
Polymer adsorption is controlled by the interplay of these three
interaction energies. Adsorption usually takes place when the segment/surface
interaction energy is high. When the segment/surface interaction energy is
high, polymer segments adsorb forming a fluffy, brushlike layer. This layer
increases in size and density until the polymer chains cannot "burrow*' through
this polymer layer due to stringent conformation restrictions and repulsive
osmotic forces. For homopolymers, since each polymer segment has the same
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surface/segment energy, the surface conformation of the polymer is a mix of
trains (segments flat on the surface), loops, and tails (Figure 1.1)^ 5.
Polymer adsorption is different than small molecule adsorption. In both
cases, the same energetic factors control whether the molecule or polymer
segment will favor adsorbing to a surface or stay in solution. The difference
lies in the connectivity of the polymer chain. For polymers, each polymer
segment has the ability to adsorb to a surface. This results in a polymer
adsorbing to a surface at many locations along the polymer chain. This means
that adsorbed polymer layers are not simple monolayers as is the case for small
molecules^'^'^*-^. Also, polyflinctionality results in two distinct behavior
differences in comparison to small molecules. The first being cooperativity
effects which cause large behavioral changes with small changes in
environment^' This manifests itself in rapid transitions from nonadsorbing
to adsorbing polymers. This behavior is observed in the adsorption isotherms
(amount of material adsorbed versus concentration) of polymers versus small
molecules. This is depicted in Figures 1.2 and 1.3. Polymer isotherms are
characterized by a high affmity shape (a steep rise in amount adsorbed reaching
a plateau at low concentrations) compared to lower affmity isotherms for
smaller molecules^>^'^'^^. The second behavioral difference is due to
polyfiinctionality. Polyfunctionality affects both the increase in surface
coverage with concentration during adsorption and the rate of desorption. The
increase in surface coverage with concentration occurs because when one
segment adsorbs it brings other segments close to the surface promoting their
adsorption. This is detailed very well by comparing the concentration
isotherms for n-dodecylesters^O with increasing functionality (Figure 1.3).
Increasing the functionality increases the high affmity nature of the
concentration isotherm. The rate of desorption is decreased because all of the
3
Figure l.L The conformation of homopolymer adsorbed to a surface.
The polymer conformation includes trains (segments flat on the surface),
loops between trains, and tails. Reprinted from reference 7.
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Figure 1.2. Molecular weight control on adsorption behavior.
Adsorption concentration isotherms for both a high (open circles) and low
(filled circles) molecular weight polystyrene to chrome fi-om cyclohexane.
Reprinted fi'om reference 27.
t
5
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0 0.10 0.20 0.30
Concenuaiion, weight percent
Figure 1.3. Adsorption concentration isotherms for dodecylesters
detailing the effect of polyflinctionality. Tetradecanedioate, succinated,
tricarballylate, and acetate adsorbed to silica from decane. Reprinted from
reference 10.
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adsorbed segments must be desorbed at the same moment for the polymer to
desorb from the surface.
Typically, copolymers have one monomer segment that has a higher
surface/segment interaction energy than the other monomer segment. This
means that the adsorbed polymer conformation will have specific segments
preferably located at the surface with other segments energetically favored to
be in solution. The overall research project for the McCarthy group involves
the preparation of copolymers with monomers which have surface/segment
interaction energies located at designed locations (see Figure 1.4). These
monomers, or "sticky feet'* (SF) will promote specific control over the surface
structure of the adsorbed polymer. This dissertation involves research work in
one subset of this overall adsorption scheme dealing with the adsorption of
block copolymers.
The adsorption of block copolymers is similar to the adsorption of
homopolymers and copolymers in the energetic definitions required for
adsorption. The main difference lies in the polymer architecture which results
in a different conformation for the adsorbed layer. Under proper solvent
conditions, block copolymers have one block which has a very high
surface/segment interaction energy which adsorbs flat (train conformation) on
the surface, while the other block, having a high segment/solvent interaction
energy, remains extended into the solution (tail conformation)^^"^^. In an
effort to understand the fundamental nature of block copolymer adsorption
both theoretical^^-^'^ ^nd experimental^'^-S? research has been taking place.
1.2 Block Copolymer Adsorption Theories
Theoretical research into the understanding of polymer adsorption has
expanded greatly in the last twenty years. Several theories have been proposed
7
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Adsorption
.SI'
/
Figure 1.4. Strategy scheme for adsorption of SF polymers,
I
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to understand the adsorption behavior of different polymer systems. These
include homopolymer^ 1-23^ grafted polymer38-41^ and copolymer^^, 54,65
adsorption from dilute solutions. The extension to block copolymers was a
natural step for these theories. Two specific block copolymer adsorption
models have given positive, practical results in predicting adsorption behavior.
These theories are the scaling law model put forth by Marques and Joanny^^-
^5 (MJ), and the mean field model of Scheutjens and Fleer60-62 (MF). Below
is a brief overview of the salient points dealing with the predictions of these
two theories.
1.2.1 Scaling Law Theory of Marques and Joanny (MJ)
All scaling law models put forth are based on the scaling law work by
deGennes-^^ predicting the layer thickness and graft density of an adsorbed
chain:
L = Nal/3a (1.1)
where L = the layer thickness, N = the number of segments, a = the monomer
size, and a = the graft density. The MJ theory proposed for a non selective
solvent^^ indicates that the amount of polymer adsorbed is controlled by the
relative size of each block. The adsorbing block, A, with segments
adsorbs flat onto the surface. This block is termed as the "anchor" block. The
non adsorbing block, B, with segments is stretched into the solution. The
non adsorbing block is termed the "buoy" block. MJ assume the surface
interaction energy to be large for the anchor block. MJ define an asymmetry
factor, p, as the ratio of the sizes of the anchor and buoy blocks. The layer
thickness is determined from brush theory (equation 1.1). Then, the graft
density and amount adsorbed is determined by the relative sizes of the two
blocks. From the value of P, MJ predicted adsorbed polymer layer thicknesses
9
and graft densities. Hair67-69 extended the MJ theory and defined three
specific adsorption regimes. These regimes are termed: Regime 1 - highly
asymmetric. Regime 2 - moderately asymmetric, and Regime 3 - symmetric.
The symmetric regime corresponds to a block copolymer with a P > 1 . In this
regime, the polymer adsorption behavior is similar to homopolymer adsorption
because the anchor block is much larger than the buoy block. These adsorbed
polymers are not stretched and the amount of polymer adsorbed (and the graft
density) is dependent only on the size of the anchor block. In regime 2, though
the anchor block is smaller than the buoy block, the amount adsorbed and graft
density are still only a function of the anchor block size (a = N^^"^). This is
due to space filling geometry constraints for the anchor block on the surface.
The amount of polymer adsorbed, F, can be described by:
r = (NA + NB)a (1.2)
If the chains are kept at constant molecular weight (constant length), T will be
equal to where u/^ equals the mole fraction of the anchor block. These
two regimes are termed as anchor dominated regimes because the polymer
adsorption is dependent solely on the anchor block size. At smaller anchor
block sizes, the buoy block becomes large enough to affect the graft density.
This results in a sharp decrease in the both the amount adsorbed and the graft
density. This buoy dominated regime begins at P = Na^^'^- The predicted
results for the graft density and the amount adsorbed are shown in Figures
1.5A and 1.5B. For the anchor dominated regime, the amount adsorbed
follows a curve. The crossover from anchor dominated to buoy
dominated regimes takes place at P = Na^^^- This maximum in adsorption is
where the buoy block is in its most extended conformation. For this work, this
extended conformation will be called the end grafted adsorption regime. From
these results, it is observed that this maximum occurs at lower values of
10
with increasing chain length. This is due to geometry requirements imposed by
the linear decrease in surface area for the adsorbing block compared to the
volumetric increase in area for the buoy block. This behavior is described by
the equation for maximum segment density, Pmax-
^A"^^^ = Pmax-^/2N-l (1.3)
This means that all molecular weight polymers will follow the same l/u^ curve
for the anchor dominated regime. After the u^"^^^ is reached, the segment
density controls adsorption, and the adsorption decreases. Also, the u^"^^^
will become smaller as the chain length increases.
1.2.2 Mean Field Theory of Scheutjens and Fleer (MF)
The MF model for block copolymer adsorption is based on a Flory type
lattice^^'^2. This model was first developed and successfully applied to
homopolymer adsorption^^'^^ and then extended to block copolymer
adsorption. In the MF theory, a good solvent is used (x is less than 0.5), the
anchor block, A, has a high surface interaction energy (xAS = -10) which
completely excludes the buoy block from the surface, and it is assumed that
there is no micelle formation. The anchor block. A, adsorbs in a flat (train)
conformation with the buoy block, B, forming a tail extended into the solution.
The effect of the relative block sizes, while holding chain length constant, is
detailed in Figure 1.6A. Starting with a large anchor block (holding the chain
length constant), as one decreases the anchor block size (increasing buoy block
size) the amount adsorbed increases up to a maximum and then decreases
rapidly. As the total chain length is increased, the observed maximum
adsorption occurs at lower anchor block sizes. The amount adsorbed increases
with total chain length. This behavior is qualitatively similar to the
12
Figure 1.6. The effect of block size on block copolymer adsorption. (A)
Amount of polymer adsorbed (weight/surface area) as a function of percent
adsorbind segments (u^. (B) 9^^/0^hA versus u;^ where 0^;^ is the number
of adsorbing segments in the copolymer, and G^^A ^ homopolymer with the
same number of segments. (C) A plot of the hydrodynamic radius versus
percent adsorbing segments. (D) The hydrodynamic radius for two different
polymers both adsorbed in a good and theta solvent. Data reprinted from
reference 6 1
.
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predictions of the MJ theory and can be explained in the same way. The
hydrodynamic layer thickness shows this same behavior (Figure 1.6C).
Figure 1 .6B is a plot of the ratio Q^A^Q^hA versus u^. 0^ is the
number of adsorbing segments in the copolymer, and G^j^ is a homopolymer
with the same number of segments. When the same amount of polymer is
adsorbed for both the copolymer and the homopolymer, Q^A/^^hA ^ ^A- This
is indicative of the behavior for the anchor dominated regime. When the
number of adsorbing units is independent of composition Q^A^^^hA ^ ^^
Scheutjens and Fleer explained the results in that as the number of adsorbing
segments decreases the competition for surface sites decreases which gives an
increase in the number of units actually bound to the surface. The number of
units bound to the surface reached a maximum of 85% at the maximum
adsorption value. This change in the number of units actually bound to the
surface results in a slower rise in the graft density (deviation from the l/u^
predicted curve) than is predicted by the MJ theory.
Figure 1.6D details both the stretching of a adsorbed chain with respect
to molecular weight, and the effect of changing solvent quality. When the
solvent is changed from a theta solvent (x = 0.5) to a good solvent (x = 0) the
adsorbed layer is more expanded. These results also indicate that the solvent
quality effect on the amount of polymer adsorbed will vary with chain
composition (at constant surface affinity). In the anchor dominated regime,
increasing the solvent quality will not change the amount of polymer adsorbed.
The plot of 5h/rb versus composition indicates that lower molecular weight
polymers are stretched further than higher molecular weight.
Figure 1.7 details the predicted effects of changing the surface affinity
between the adsorbing segments and the surface. This surface affinity is
measured by XAS- Increasing negative values ofXAS '"^sult in an increasing
14
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Figure 1.7. The effect of surface affinity of the adsorbing segments on
adsorption. The amount adsorbed plotted versus percent adsorbing segments
for r = 500, with varying surface affinities. Reprinted from reference 61.
15
affinity for the surface. In Figure 1.7, as the surface affinity decreases, the
amount adsorbed decreases. Surface affinity can be altered in two ways. The
first is changing the functionality of the adsorbing unit. The second is changing
the nature of the surface. This surface-segment affinity is not addressed by the
MJ theory.
Also, Scheutjens and Fleer studied the change in polymer adsorption with
changing architecture^ 1. When a diblock copolymer (A-B) is compared with a
triblock copolymer (B-A-B) of the same composition, the diblock adsorbs to a
greater extent than the triblock. These results are depicted in Figure 1 .8. This
is rationalized as being due to the doubling of the associated buoys for each
anchor for the triblocks.
1.3 Experimental Block Copolymer Adsorption Results
There has been some recent experimental work put forth on block
copolymer adsorption. A few different research groups have sought to
understand both the adsorption behavior of block copolymers experimentally
and test the validity of the theoretical models.
Trends in the amount of polymer adsorbed versus chain
composition (% adsorbing segments) and total molecular weight has been
studied for several different systems. The most recent work by Wu et al.^^
indicates that the different adsorption regimes, anchor dominated, buoy
dominated, and end grafted, are indeed present. Wu studied the adsorption of
methyl methacrylate/(dimethylamino)ethyl methacrylate (MMA/DMAEM)
copolymers adsorbed to colloidal silica. The data are shown in Figure 1.9.
These data shows both a maximum in the amount adsorbed versus % adsorbing
segments ((dimethylamino)ethyl methacrylate monomer units) and a decrease
in amount adsorbed when moving from the end grafted regime into
16
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Figure 1.8. The adsorption of block copolymers with diblock (B-A) and
triblock (B-A-B) architectures. Reprinted from reference 61.
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FRACTION DMAEM
FRACTION DMAEM
Figure 1.9. Experimental results for block copolymer adsorption as a
function of block size. Adsorbed amount versus percent adsorbing segments
(DMAEM units) for two different molecular weight ranges, = 700 and Nj
= 200. Curve denotes MJ theory predicitons. Reprinted from reference 75.
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either the buoy or the anchor dominated regimes. Also, Wu compared the
amount adsorbed between different molecular weight polymers (Nj = 700 and
200) and found that adsorption increases with molecular weight. These results
agree qualitatively with the MJ and MF theories. Hair et al.^^ studied the
adsorption of styrene/ethylene oxide copolymers to mica from toluene in hopes
of determining the validity of the MJ theory. Hair's results appear to fit well
with MJ theoretical predictions (see Figure 1.10), but there are not enough
data (only three data points) to accurately compare to theoretical predictions.
Parsonage et al.^^ studied the effects of chain composition on the
adsorption of poly(styrene-Z?-vinyl pyridine) block copolymers using surface
force measurements, XPS, and radioscintillation counting. Parsonage found
that the amount adsorbed is critically dependent on the sizes of the two blocks.
Although Parsonage did not observe a maximum in amount adsorbed
associated with passing from one adsorption regime to another, their results do
agree with theory for the anchor dominate regime. Stouffer and McCarthy^^
observed an increase in adsorption with decreasing number of adsorbing units
for the adsorption of poly(styrene-Z?-propylene sulfide) to gold, but did not
observe a maximum polymer adsorption. Others research groups^^"^^ have
also observed this same dependence on the amount adsorbed with the relative
sizes of the two blocks.
Although the preceding experimental work gives qualitative agreement
for the adsorption of block copolymers with theoretical predictions for changes
in molecular weight and % adsorbing segments, only Wu has actually reported
the observation of the different adsorption regimes. Observed experimental
behavior for the control of block copolymer adsorption by such variables as
temperature, surface affinity, polymer architecture, and solvent quality is still
lacking.
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Figure 1. 10. Experimental results for block copolymer adsorption as a
function of percent adsorbing segments as reported by Hair (reference 67).
Adsorbed amount plotted versus percent adsorbing segments for N-p = 1500.
Curve denotes MJ theory predictions.
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1.4 Analytical Methods
Throughout the course of this research several different analytical
techniques were used. The nature of organic chemistry and polymer synthesis
requires the use of "normal" laboratory synthetic analytical tools. These
include such techniques as infrared spectroscopy, gas chromatography, thin
layer chromatography, nuclear magnetic resonance spectroscopy, and gel
permeation chromatography. However, some specific analytical tools were
required for polymer adsorption studies. These included some surface
analytical techniques which probe surfaces at very shallow (interfacial) depths.
The major techniques used were X-ray photoelectron spectroscopy (XPS),
contact angle, UV spectroscopy, and thermal gravimetric analysis (TGA).
These techniques are briefly explained in the following sections.
1.4.1 X-Ray Photoelectron Spectroscopy
XPS uses the photoelectron effect to probe the outer 10-50 angstroms
of a surface^^. The sample is irradiated with soft x-rays under ultra high
vacuum and emitted photoelectrons from core states are detected^^. The
detector determines the binding energy of the electrons (E^) from kinetic
energy of the detected core electrons (E0 by:
Ek = hv-Eb-(|) (1.4)
where hv is the energy of the x-ray photons and ^ is the work function. The
resulting spectrum is a plot of the number of electrons emitted per energy
interval (N(E)/E) versus binding energy. Since each atomic orbital of every
element has a specific binding energy, measuring the number and relative
energy of the emitted electrons gives both the atomic composition and the
valence states of the atoms at the surface^^.
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The surface specificity is due to the finite escape depth of the ejected
photoelectrons. The photoelectrons can travel only very short distances
through matter. This limited escape depth is due to inelastic scattering^!.
This results in an exponentially decreasing surface sensitivity described by
N = Noe-(z/>^sine) (1.5)
where z is the thickness of the material traversed in the z direction, X is the
mean free path of an electron in a given material, and 9 is the angle to the
detector (measured from the plane of the sample surface). This definition
implies that varying the sample/detector angle will change the depth of
analysis^!
.
At a 1 5° takeoff angle the outer 1 1 angstroms are sampled, while
a 75° takeoff angle samples the outer 40 angstroms. By using variable angle
XPS, the atomic composition distribution on a surface can be measured. For
this research, variable angle XPS was used to analyze all of the flat samples
(glass slides and polymer films).
1.4.2 Contact Angle
Measuring the contact angle a liquid drop makes when in contact with a
solid surface provides specific information about the surface energy of the
outer few angstroms of particular substrates^2,93 Contact angle
measurements are very sensitive to changes in surfaces due to adsorption or
reactions, but do not provide specific information on the atomic composition of
the surface^^'^^.
Contact angles are measured by placing a drop of a specific probe fluid
on a surface and measuring the angle at the surface/liquid interface. For this
research, dynamic contact angles (advancing and receding) were measured
using water as a probe fluid. Advancing contact angles were measured when
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the water drop was added to the surface, and the receding contact angles were
measured when the water was removed from the surface.
A surface would have equal advancing and receding contact angles if the
surface was completely smooth and chemically homogenous. In practice there
is contact angle hysteresis between the advancing and receding contact angle
measurements. Hysteresis is a result of a chemically or morphologically
heterogeneous surface^"^. Therefore, hysteresis information is very important
in understanding the nature of the surface.
1.4.3 Ultraviolet (UV) Spectroscopy
Molecular absorption in the Ultraviolet region is dependent on the
electronic structure of the particular molecule under investigation. When a
molecule which contains a UV chromophore, is irradiated with UV light (<
400 nm), the intensity of the incident UV beam will be greater than the
emergent radiation^^. This absorption of energy is associated with a transition
in the electronic orbital through promotion of an electron from the highest
occupied orbital to the lowest unoccupied orbital. For UV spectroscopy, this
is generally limited to conjugated chromaphores (i.e. double bonds, carbonyls).
UV spectroscopy can be used for quantitative solution concentration
analysis due to the linear relationship between absorbance and concentration.
If the absorbance is plotted versus the concentration a straight line should be
observed^^. This relationship is known as Beer's Law:
A = 6bc (1.7)
Where A is the absorbance, 8 is the molar absorptivity, b is the sample path
length, and c is the concentration. By using Beer's law the concentration of a
UV active molecule can be monitored with relative ease and great accuracy.
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1.4.4 Thermal Gravimetric Analysis (TGA)
TGA involves the continuous measure of a sample's mass as a function of
increasing temperature^^ Typically a sample of known weight is heated under
a controlled atmosphere of air or nitrogen. As the sample is heated at a
constant rate, the percent mass loss is continually monitored. At certain
temperatures, the sample under study will undergo thermal decomposition and
the associated mass loss will be measured. For polymers, this thermal
decomposition involves depolymerization and/or chain scission, and may occur
over a large temperature range or involve multiple transistions.
1.5 Objectives
The goal of the research presented here is to perform a rigorous
experimental analysis of block copolymer adsorption. This will be
accomplished by preparing specific polymers with controlled architectures with
defined locations and density of surface active groups. Then these polymers
will be used in a series of fundamental adsorption studies to gain critical insight
into polymer adsorption behavior from an experimental view point.
1.5.1 Polymer Synthesis
The block copolymers that will be synthesized for these adsorption
studies will be based on styrene and butadiene precursor block copolymers
which will be prepared by anionic polymerization techniques. By using anionic
polymerization techniques, block copolymers ofknown molecular weight and
architecture can be prepared with narrow polydispersity. These precursor
polymers will be modified to incorporate specific surface active organic
fijnctional groups (sticky feet) that promote polymer adsorption. By using
these methods, a series of polymers with the same molecular weight with
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varying composition (changing number of adsorbing segments) can be
prepared. Also, polymers of equal composition with different molecular
weights can be prepared. Then these polymers can be used to successfully
compare experiment with theoretically predicted behavior.
1.5.2 Adsorption Studies
The prepared polymers will be used in specific adsorption studies probing
certain variables of critical importance to polymer adsorption. The variables
under study will include % adsorbing segments, total molecular weight,
kinetics, concentration, solvent, surface affmity, and polymer architecture.
These adsorption studies will increase the fundamental understanding of
polymer adsorption behavior. Also, the results of these experiments will be
compared with theoretical predictions to gain insight into the practicality of
these theories.
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CHAPTER 2
SYNTHESIS OF STICKY FOOT POLYMERS
2.1 Introduction
"Sticky Foot" (SF) polymers are polymers which contain two distinctly
different functional parts ^ . One part of the SF polymer prefers to be in
solution due to favorable segment/solvent interaction energy (the buoy block
which has a high x value)^. The second part of the SF polymer contains
organic moieties which are highly interactive with a selected surface (the Sticky
Feet which have a high Xs value)^. To successfully use SF polymers in
adsorption experiments, the SF polymers must meet the following criteria: 1)
have a known molecular weight with narrow polydispersity, 2) have a well
defined number of SF with known location and density.
To meet this definition for the preparation of SF polymers, anionic living
polymerization techniques were used. Anionic polymerizations are of great
importance to both industrial and academic applications. Ziegler and
coworkers^ were the first to postulate the existence of anionic living
polymerization systems. Ziegler proposed that diene monomers (isoprene and
butadiene) could be polymerized with alkali metals and if the reaction vessel
was kept free from impurities no termination reacfions would take place^. The
mechanism proposed by Ziegler is the same as the currently accepted
mechanism for anionic polymerizations (Equation 2.1)^.
I-C+ + M
IM-C+ + M
^ IM-C+
* IMM-C+
(2.1)
32
Szwarc was the first to show that termination reactions could be eliminated
ft-om anionic polymerizations^,^. Szwarc showed that after the initial aliquot
of monomer was reacted, more monomer could be added and the polymer
molecular weight would increase linearly4,5. Jhe term "living polymerization"
was used to describe this behavior; namely the ability of the anion chain end to
maintain its nucleophilic reactivity indefinitely if electrophilic impurities are
eliminated. Also, it was reported that the molecular weight could be predicted
by equation 2.2^. For this equation to be valid, the reactions must meet the
condition kp < ki. When these conditions are met, not only is the molecular
weight predetermined by Equation 2.2, the polydispersity will be close to unity
(Equation 2.3)6.
DP - [M]/[I] (2.2)
Xw/Xn=l + 1/Xn (2.3)
Anionic techniques allow for the molecular weight and polydispersity
control, but the addition of organic moieties to flinction as SF is not easily
accomplished. In the McCarthy laboratory, anionic polymerization techniques
have been successfijlly used to prepare SF polymers. These SF polymers are
prepared by one of three general approaches (Figure 2. 1). The first approach
is to end terminate anionic polymerizations with electrophillic groups which
contain functional groups to serve as Sticky Feet. Iyengar^ end terminated
polystyrl anion with ethylene oxide and carbon dioxide to give polystyrene end
terminated with alcohols and carboxylic acids. The second is the preparation
of block copolymers with one monomer containing a protected flinctional
group which can be deprotected to give SF polymers. Viviano^ has prepared
SF block copolymers by sequentially polymerizing styrene and p-dimethyltert-
butylsilyl-vinylphenol and deprotecting to give poly(styrene-Z>-4-
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Figure 2.1. The synthesis fo SF polymers by A) end-termination of
polystyrl anion, B) copolymerization of a styrene and a protected functional
monomer, and C) copolymerization of a precursor polymer followed by
selective modification.
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vinylphenol). The third route for synthesizing SF polymers is to prepare a
precursor polymer followed by selective modification. Kolb^ sequentially
polymerized styrene and /-butyl styrene to give a precursor polymer. Then, the
styrene block can be selectively modified using Friedel-Crafts reaction to give
diethoxymalonato SF units.
The objective of the work reported in this chapter is the preparation of
SF polymers. The SF polymers prepared are based on the third general
approach to SF polymers; the preparation of a block copolymer by anionic
polymerization which is selectively modified to give SF polymers. The
precursor polymer synthesis described here is based on anionic block
copolymerization of styrene and dienes (butadiene and isoprene). Two
different chemical modifications are described in this chapter. The first is the
hydrosilylation of the diene with silane coupling agents. The second and more
successfijl route was the hydroboration/oxidation of the diene block.
This chapter outlines the attempts to synthesis SF polymers. The
organization of this chapter is as follows: Section 2.2 is materials preparation
and purification, section 2.3 is a synthetic methods section, section 2.4 is a
results and discussion section, and section 2.5 is a chapter summary.
2.2 Materials Preparation and Purification
2.2.1 Materials
The following chemicals were used after the purification steps detailed in
this chapter: styrene, butadiene, isoprene, tetramethylethylenediamine
(TMEDA), cyclohexane, benzene, tetrahydrofijran (THF), dichloroethane
(DCE), toluene, ispropanol (IPA), trichlorosilane, trimethoxysilane, ethylene
oxide (Alfa), sodium hydroxide, 30% hydrogen peroxide, and allyl chloride.
The following chemicals were used as received: ^ec-butyllithium, //-
butyllithium, chloroplatinic acid (CPA), benzophenone, methanol, dibutyl
magnesium, calcium hydride, sodium metal, 4-biphenylmethanol, and 9-
borobicyclononane (9-BBN). All chemicals were purchased from Aldrich
unless otherwise noted. Prepurified nitrogen (>99.99%) was supplied by
Matheson and used as received.
2.2.2 Glassware
The glassware used throughout the synthetic methods was designed so
that moisture and oxygen free Schlenk techniques could be employed^'
The reaction vessel depicted in Figure 2.2 proved to be suitable for both the
anionic polymerizations and the hydroboration/oxidation modifications. The
teflon stopcock with a 14/20 female ground glass joint enabled the exhaustive
drying of the reaction vessel required for anionic polymerizations. The ground
glass joint with vessel cap was greased on the lower l/4th to l/3th of the joint.
For anionic polymerizations, glass covered stir bars were used, while teflon
coated magnetic stir bars were used for modification reactions.
Hydrosilylation modifications were performed in Schlenk tubes with attached
water jackets (Figure 2.3). These Schlenk tubes were required for the high
temperature reactions required for the hydrosilylation modification. The
apparatus used for trap-to-trap distillations is shown in Figure 2.4. Trap-to-
trap distillations entail vacuum distillation from a flask attached to the trap-to-
trap apparatus and collected in the trap. Schlenk techniques were used for all
transfers.
2.2.3 Purification of Solvents^O-^l
Cyclohexane was dried over calcium hydride overnight and distilled and
collected in a nitrogen purged storage flask and stored under positive nitrogen
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Figure 2.3. Water-jacketed Schlenk tube.
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VFigure 2.4. Trap-to-trap apparatus.
1
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pressure. Just prior to polymerizations, this cyclohexane was stirred over
polystyrl anion and distilled. The polystyrl anion is generated by addition of 2-
3 ml of styrene and the addition of enough 5ec-butyllithium to give a persistent
orange color. Benzene is dried over calcium hydride overnight and distilled
from the calcium hydride and collected in a nitrogen purged storage flask. Just
prior to polymerizations, the benzene is distilled from polystyrl anion. This is
done as described for the purification of cyclohexane. THF is distilled from
sodium^enzophenone which has a persistent purple color. The purple color
indicates that the THF is dry. The THF was used immediately after distillation.
Toluene is stirred over calcium hydride for 24 hours, distilled under nitrogen
collected in a nitrogen purged storage flask and stored under positive nitrogen
pressure.
2.2.4 Purification ofMonomers^l"^^
Styrene is dried over calcium hydride overnight and vacuum distilled (30
mm Hg) from calcium hydride and collected in a nitrogen purged storage flask.
The styrene is stored under positive nitrogen at -20 ^C. Just prior to
polymerizations, 5-15 ml of styrene is stirred over dibutylmagnesium until it
turns a bright yellow color. Then the styrene is trap-to-trap distilled. The
styrene is then added to a graduated centrifiige tube which has been evacuated,
dried, and purged with nitrogen, by steel cannula. The desired amount of
styrene needed for the polymerization is used immediately. Isoprene is stirred
over calcium hydride for 1 hour and distilled under nitrogen, collected in a
nitrogen purged storage flask, and stored under positive nitrogen pressure at -
20 ^C. Just prior to use, isoprene is stirred over w-butyllithium and trap-to-
trap vacuum distilled. The isoprene is added to a graduated centrifuge tube
which has been evacuated, dried, and purged with nitrogen, by steel cannula.
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A known amount of isoprene is used immediately. Butadiene is condensed in a
Schlenk trap-to trap apparatus in liquid nitrogen, from a lecture bottle of
butadiene gas. The butadiene is warmed to -78 and stirred over either n-
butyllithium or 5ec-butyllithium until it turns light yellow. Then the butadiene
is trap-to-trap distilled and used immediately.
2.2.5 Purification of Other Chemicalsl^-ll
Tetramethylethylenediamine(TMEDA) is stirred over molecular sieves
for 24 hours and then distilled. The TMEDA is stored in a nitrogen purged
storage flask under positive pressure at -20 ^C. Just prior to use, TMEDA is
stirred over A^c-butyliithium, trap-to-trap distilled and used immediately.
Ethylene oxide (EO) was stirred over calcium hydride at 0 for 1 hour,
distilled under nitrogen and stored under positive nitrogen pressure at -20 ^C.
Just prior to use, EO is stirred over dibutylmagnesium, trap-to-trap distilled
and used immediately. Allyl chloride is stirred over calcium hydride for 24
hours and distilled under nitrogen. Allyl chloride is collected in a nitrogen
purged storage flask and stored at -20 ^C. The 6N aqueous NaOH and 30%
peroxide solutions are sparged for 15 minutes prior to use. Isopropanol is
stirred over molecular sieves for 24 hours and filtered under nitrogen. IPA is
collected under nitrogen and stored under positive nitrogen pressure.
Trichlorosilane and trimethoxysilane are stirred over calcium hydride and
distilled under nitrogen. They are each collected under nitrogen and stored
under positive nitrogen pressure at -20 ^C. The effective concentration o^sec-
butyllithium was determined by titration with 4-biphenylmethanol in THF.
2.3 Synthetic Methods
2.3.1 Synthetic TechniqueH-l^
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All synthesis were performed under nitrogen atmosphere in exhaustively
dried glassware. The glassware was removed from an oven and assembled hot.
Then, the glassware was purged with dry nitrogen while heating with a heat
gun. The glassware was then pumped out using a vacuum pump till a pressure
of 50 mTorr was achieved while heating with a heat gun. Finally, the
glassware was purged again with dry nitrogen and heated with a heat gun. All
transfers were carried out using steel cannula (20 - 22 gauge) or by gas tight
luer tip syringe (Hamilton), under nitrogen atmosphere. The transfer of known
volumes of chemicals by cannula was done using graduated Schlenk tubes.
2.3.2 Synthesis of Polystyri Anion^.S,^ 2-9
Styrene was anionically polymerized to the desired molecular weight in
cyclohexane or benzene at room temperature using ^ec-butyllithium as the
initiator. The polymerizations were carried out in dry nitrogen atmosphere.
To a purged/dried reaction flask with a glass covered magnetic stir bar, 50 ml
of cyclohexane/benzene was added by cannula. The desired amount of sec-
butyllithium was added to the reaction flask by syringe. While the solution was
uniformly stirred, a known amount of styrene was added by cannula. Upon
addition of styrene, the solution turns from clear to an orange color. The
polymerization was stirred for 2 hours in benzene, or 12 hours in cyclohexane.
Example: Synthesis of 48000 mol weight polystyri anion. 50 ml of purified
cyclohexane was cannulated into a clean/dry reaction vessel containing a glass
coated stir bar. 0.94 ml of a 0. 1 M sec-Butyllithium/cyclohexane solution was
added by syringe and the solution was stirred. Then, 5.0 ml of purified styrene
was added by cannula. The solution immediately turned an orange color. The
polymerization was stirred for 12 hours at room temperature under a static
nitrogen head.
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2.3.3 Synthesis of Ally! Chloride Terminated Polystyrene (PS-O)
NB 3-84
Polystryl anion of the desired molecular weight was prepared as detailed
in section 2.3.2. An excess of dry allyl chloride was added by cannula under
nitrogen. The orange solution slowly (5 min) turns clear. The polymer was
collected by precipitation by the addition of stock grade methanol. The initial
precipitate forms a swollen, gelatinous precipitate. This
methanol/solvent/polymer mixture was then decanted and the polymer is
dissolved in stock grade THF. The polymer was reprecipitiated by pipetting
the polymer/THF solution into excess methanol. The polymer precipitate was
filtered and washed with methanol and then dried under vacuum for 24 hours.
The polymer was characterized by IR, NMR, and GPC.
Example: To a flask containing polystyrl anion (.see section 2.3.2), 0.2 ml of
purified allyl chloride was added by syringe. The reaction solution slowly
(about 3 min) turned clear. Polymer sample collected as detailed previously.
2.3.4 Synthesis of Alcohol End Terminated Polystyrene (PS-EO)
NB 7-12
Polystyri anion of the desired molecular weight was prepared as detailed
in section 2.3.2. Purified ethylene oxide was added to the reaction fla.sk by
allowing the ethylene oxide to dissolve into the solution from a reservoir
connected to the reaction flask by a steel cannula. This reaction was allowed
to run overnight with constant stirring. During the reaction the solution color
turns from an orange color to a light cloudy color. The polymer was collected
as detailed in section 2.3.3. The polymer was characterized by GPC and TLC.
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Example: To a reaction flask containing polystyrl anion 2.0 ml of ethylene
oxide was added. The ethylene oxide was added by connecting a cannula from
a Schlenk tube containing ethylene oxide to the reaction flask and allowing the
ethylene oxide to diffuse through over a 12 hour period. After reaction, the
reaction solution turned a gray/clear color.
2.3.5 Synthesis of Poly(styrene-6-isoprene) (PS-I) NB 2-134
Polystyrl anion was prepared in cyclohexane with the desired molecular
weight as described in section 2.3 .2. A known volume of purified isoprene
was added to the reaction flask by cannula after dilution in solvent to the
appropriate concentration. The reaction solution turns a light yellow color.
The reaction solution was stirred at room temperature for 12 hours. After 12
hours, degassed isopropanol or degassed methanol was added by cannula. The
solution turns from a yellow color to colorless. The polymer was collected as
described in section 2.3.3. The polymer was characterized by ER, NMR, and
GPC.
Example: To a reaction flask containing polystyrl anion (48000 mol weight),
0.28 ml of isoprene is added by syringe. The reaction solution turns a yellow
color. The reaction is stirred at room temperature for 12 hours. Then,
degassed isopropanol (about 1 ml) is cannulated into the vessel to terminate
the reaction.
2.3.6 Synthesis of Poly(styrene-ft-l,2-butadiene)(PS-B) NB 2-140
Polystyrl anion was prepared in either cyclohexane or benzene with the
desired molecular weight as detailed in section 2.3.2. After the required
reaction time, 0. 1 ml of TMEDA was added to the reaction solution by
syringe. The reaction solution turns from an orange color to a dark red color.
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A known volume of butadiene was added to the reaction solution by cannula
after dilution in the appropriate solvent to the desired concentration. After
addition the reaction solution turns a lighter shade of red/yellow. After 12
hours in cyclohexane or 1 hour in benzene, (at room temperature) degassed
isopropanol was added by cannula to terminate the polymerization. The
reaction solution turns colorless. The polymer was isolated as detailed in
section 2.3.3, and characterized by IR, NMR, and GPC.
Example: To a reaction flask containing polystyrl anion (48000 molecular
weight) 0.1 ml of TMEDA was added by syringe. The reaction solution turns
a cranberry red color. A 2.0 M butadiene/cyclohexane was prepared in a
graduated Schlenk tube. Then, 1 .4 ml of this solution was cannulated into the
reaction vessel. The reaction solution turns a lighter shade of red/yellow. The
reaction was stirred at room temperature for 12 hours. Degassed isopropanol
was added by cannula (about 1 ml) to terminate the reaction.
2.3.7 Preparation of Speier's Catalyst NB 3-3
The Speier's catalyst solution was prepared by adding 0.42g of
chloroplatinic acid (CPA) to a Schlenk tube in the glove box. 80 ml of purified
IPA was added to the Schlenk tube to form a 0.1 M catalyst solution. The
solution was stored in a nitrogen purged storage flask under positive nitrogen
pressure at -20 °C.
2.3.8 Hydrosilylation of Allyl Chloride End Terminated Polystyrene
NB 3-85
PS-0 (0.2 - 0.5 g) was added to a water jacketed Schlenk tube with a
teflon coated stir bar and purged with nitrogen. 25 ml of toluene was added
by cannula dissolving the polymer. Speier's catalyst (10"-*^ - 10"^ moles) was
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added by syringe. A 2: 1 ratio of trichlorosilane/trimethoxysilane to chain end,
was added by syringe. The solution was heated to the desired temperature (60,
80, 100, or 1 10 oc) and the reaction was stirred for 24 hours. After 24 hours,
the polymer was precipitated by pippeting the toluene solution into methanol.
The polymer was filtered and washed with toluene and then dried under
vacuum for 24 hours. The polymer was characterized by TLC and GPC.
Example: 0.2 g of PS-0 (5000 molecualr weight) was weighed into a water-
jacketed Schlenk tube containing a teflon coated stir bar and purged with
nitrogen. 20 ml of toluene was added by cannula. 0. 1 ml of a stock Speier's
catalyst solution was added by syringe. 0.01 ml of trimethoxysilane was added
by syringe. The Schlenk tube was then placed in a oil bath and heated to reflux
(110 ^C). The solution was kept stirred at this temperature for 24 hours. The
polymer was collected by precipitation in methanol.
2.3.9 Hydrosilylatioii of PoIy(styrene-^»-isoprene) NB 2-57
PS-I (0.2 - 0.5 g) was added to a water jacketed Schlenk tube with a
teflon stir bar and purged with nitrogen. 25 ml of toluene was added to the
Schlenk tube by cannula. Speier's catalyst (10"^ - 10-^ moles) was added by
syringe. Trimethoxysilane was added in a 2: 1 silane to isoprene monomer unit
ratio, by syringe. The Schlenk tube was heated to desired temperature (60, 80,
100, or 1 10 OC) and the reaction was stirred for 24 hours. After 24 hours the
polymer was collected as detailed in section 2.3.8. The polymer was
characterized by NMR, TLC, and GPC.
Example: 0.2 g of PS-I (10000 molecular weight, 30% isoprene) was weighed
into a water-jacketed Schlenk tube containing a teflon coated stir bar and
purged with nitrogen. 20 ml of toluene was added by cannula. 0.1 ml of a
stock Speier's catalyst solution was added by syringe. 0.1 ml of
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trimethoxysilane was added by syringe. The Schlenk tube was then placed in
an oil bath and heated to reflux for 24 hours. The polymer was collected by
precipitation in methanol.
2.3.10 Ilydrosilyiation of Poly(styrene-6-l,2-butadiene) NB 3-82
PS-B (0.2 - 0.5 g) was added to a water jacketed Schlenk tube with a
teflon coated stir bar and purged with nitrogen. 25 ml of toluene was added by
cannula. Speier's catalyst was added by syringe. Trimethoxysilane was added
in a 2: 1 ratio of silane to butadiene monomer unit, by syringe. The Schlenk
tube was heated to the desired temperature (60, 80, 100, or 110 ^C) and
stirred for 24 hours. The polymer was collected detailed in section 2.3.3. The
polymer was characterized by NMR, IR, GPC, and TLC.
Example: 0.2 g ofPS-B (10000 molecular weight, 30% butadiene) was
weighed into a water-jacketed Schlenk tube containing a teflon coated stir bar
and purged with nitrogen. 20 ml of toluene was added by cannula. 0. 1 ml of a
stock Speier's catalyst solution was added by syringe. 0.1 ml of
trimethoxysilane was added by syringe. The Schlenk tube was then placed in
an oil bath and heated to reflux for 24 hours. The polymer was collected by
precipitation in methanol.
2.3.11 Hydroboration/oxidation of Poly(styrene-A-isoprene) NB 2-101
PS-I (0.2 - 0.5 g) was added to a Schlenk tube and purged with nitrogen.
THF was added to the Schlenk tube by cannula. The Schlenk tube was placed
in a constant temperature bath at 20 ^C. 9-BBN was added by syringe in a 1 :
1
ratio of9-BBN to isoprene monomer unit. The solution was stirred for 4
hours. Then, the solution was cooled to -25 and 6N NaOH and 30% H2O2
were added by syringe in a 1 .2: 1 ratio of reactant to 9-BBN. The solution was
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stirred for I hour at this tcmpcialinc. The solution was then slowly warmed to
40 (over 1 lunir) while stirring vigorously. The polymer was filtered and
then precipitated in methanol. A methanol/watcr mixture was used for
polymers with a high degree ol' modification (15- 30%). The polymer was
filtered and washed with methanol and dried under vacuum Ibr 24 hours. The
polymer was characterized by IR, NMR, G1*C, and TLC.
Example: 0.5 g of PS-I (10000 molecular weight, 30% isoprenc) was weighed
into a Schlenk tube containing a teflon coated stir bar and purged with
nitrogen. 25 ml of Tl IF was added by cannula. The Schlenk tube was placed
in a constant temperature bath at 20 ^>C. 3.0 ml of a 0.5 M 9-iiHN/ 1 1 IF
solution was added to the solution by syringe. The reaction solution was
stirred for 4 hours, i'hen the Schlenk tube was cooled to -25 ^C. 0.3 ml of 0
N NaOl I was added by .syringe. 0.7 ml of 30% 1 12(^2 added by syringe.
The reaction solution was stirred vigorously for 1 hour at -25 ^C. Then the
solution was warmed over 1 hour to 40 ^C. The polymer was collected by
precipitation in methanol/water.
2.3.12 llydioboratioii/oxidalioii of roly(s(yi'cnc-^-l,2-l)u(jHliciie)
NH 2-101
PS-li was added to a schlenk tube containing a tefion stir bar and purged
with nitrogen. TIIF was added by cannula, 'fhe solution was cooled in a
water/ice bath to 20 and 9-BBN was added by syringe in a 1 :1 ratio of 9-
BBN to butadiene monomer unit. The solution was stirred for 2 hours and
then cooled to -25 ^C. 6N NaOl I and 30% 1 12()2 were added by syringe in a
1.2:1 ratio of reactant to 9-BIiN I hc solution was stirred for 1 hour and then
warmed slowly to 40 over 1 hour. The polymer was filtered and then
precipitated in methanol. A mclhanol/water mixture was used for polymers
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which have a high percent modification (15 - 30%). The polymer was filtered
and washed with methanol and dried under vacuum for 24 hours. The polymer
was characterized by IR, NMR, GPC, and TLC.
Example: 0.5 g of PS-B (10000 molecular weight, 30% butadiene) was
weighed into a Schlenk tube containing a teflon coated stir bar and purged with
nitrogen. 25 ml ofTHF was added by cannula. The Schlenk tube was placed
in a constant temperature bath at 20 ^C. 3 .0 ml of a 0.5 M 9-BBN/THF
solution was added to the solution by syringe. The reaction solution was
stirred for 2 hours. Then the Schlenk tube was cooled to -25 ^C. 0.3 ml of 6
N NaOM was added by syringe. 0.7 ml of 30% H2O2 was added by syringe.
The reaction solution was stirred vigorously for 1 hour at -25 ^C. Then the
solution was warmed over 1 hour to 40 ^C. The polymer was collected by
precipitation in methanol/water.
2.3.13 Synthesis of Poly(styrene-/>-l,2-butadiene-/>-styrene) NB 7-27
Polystyrl anion of the desired molecular weight was prepared using
benzene for the solvent, as detailed in section 2.3.2. After reacting for 2 hours,
0. 1 ml ofTMEDA was added by syringe, followed by the addition of a known
volume of butadiene by cannula. The polymerization was allowed to continue
for 1 hour, and a known volume of styrene was added by cannula. After an
additional 1 hour, the polymerization was terminated by the addition of
degassed isopropanol by cannula. The polymer was collected as detailed in
section 2.3.3, and characterized by IR, NMR, and GPC.
2.3.14 Synthesis of Poly(l,2-butadiene-A-styrene-Z^-l,2-biitadiene)
NB 7-23
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Butadiene was anionically polymerized to the desired molecular weight in
benzene at room temperature using .sy'c- butyl lithium as the initiator. The
polymerizations were carried out in dry nitrogen atmosphere. To a
purged/dried reaction flask with a glass covered magnetic stir bar, 50 ml of
benzene was added by cannula. The desired amount of .sx'c-butyllithium was
added to the reaction flask by syringe. While the solution was uniformly
stirred, 0.1 ml of TMEDA was added by syringe. Then, a known volume of
butadiene was added by cannula. Upon addition of butadiene, the solution
turned a dark red color. After the polymerization was stirred for 1 hour, a
known volume of styrene was added by cannula. The polymerization was
stirred for another 1 hour and then a known volume of butadiene was added by
cannula. The reaction was further stirred for 1 hour and then terminated by the
addition of degassed isopropanol. The polymer was collected by precipitation
in methanol, filtered, and dried under vacuum for 24 hours. The polymer was
characterized by IR, NMR, and GPC.
2.3.15 Synthesis of (he Random Copolymer Poly (styrene-co- 1,2-
butadiene) NB 5-148
Styrene and butadiene were randomly copolymerized in benzene using
.vec-butyllithium as the initiator. To a purged/dried reaction flask with a glass
covered magnetic stir bar, 50 ml of benzene was added by cannula. The
desired amount of .vcc-butyllithium was added to the reaction flask by syringe.
While the solution was unifonnly stirred, 0.1 ml of TMEDA was added by
syringe followed by the simultaneous addition of known volumes of styrene
and butadiene. The reaction turned a dark red color. The reaction solution
was stirred for 2 hours and then terminated by the addition of degassed
isopropanol. The polymer was collected by precipitation in methanol, filtered.
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and dried under vacuum for 24 hours. The polymer was characterized by ER,
NMR, and GPC.
2.3.16 Characterization Techniques
The molecular weights, both number average - Mn and weight average -
Mw, and the polydispersity index (PDI) were determined using gel permeation
chromatography (GPC). GPC analysis was performed using a series of
Polymer Laboratories PL gel columns (mean pore diameter 10'^, 10^, 10^
angstroms) with THF solvent at a constant flow rate of 1 ml/min. GPC data
was collected and analyzed using Polymer Laboratories software and a IBM
PC/AT computer. The samples were detected on either a differential
refractometer (Knauer 98) or a UV detector (IBM). Commercial narrow
molecular weight polystyrene standards were used to calibrate the instrument.
Infrared (IR) spectra were obtained by casting films of the polymer onto a
NaCl window from a dilute solution in chloroform. IR analysis was performed
on an IBM 44 FTIR. Proton nuclear magnetic resonance (NMR) spectra were
performed on a Bruker NC 80 instrument. Thin layer chromatography (TLC)
analysis was performed on thin layers of silica on a polyester support (Kodak)
using toluene as the eluting solvent.
2.4 Results and Discussion
The anionic polymerization of styrene, isoprene, and butadiene, using
alkylithium initiators yields polymers with narrow molecular weight
distributions and defined molecular weights^'^^. Obtaining polymers with
narrow PDI's and known molecular weight is a consequence of the anionic
living polymerization definition criteria that the initiation reaction is much
faster than the propagation reaction (ki » kp)5,6. Also, this means that
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sufilcicnt impurities have been removed from the polymerization to effectively
eliminate any chain termination reactions. With the absence of these
termination reactions, the living chain end can be used to polymerize another
monomer to form a block copolymer or be reacted with an electrophile to give
chain termination with quantitative results.
Effectively using anionic polymerization to prepare block copolymers of
defined architecture is critically dependent on several factors. First, the
initiation of the second monomer must be much faster than the propagation
reaction of the second monomer (ki » kp)^. Second, impurities must be
rigorously removed from monomers and solvent with great care^. Coupled
with this, an inert gas atmosphere must be used for polymerizations due to
unwanted termination reactions resulting from oxygen and water. Thirdly, the
solvent and reaction conditions used must be free of unwanted side reactions
which result in chain termination (i.e. proton abstraction from solvent). The
presence of any termination reactions will result in broad molecular weight
distributions. And finally, all glassware, cannula, and syringes must be
exhaustively dried and free of impurities.
To meet all of these requirements entailed the use of certain monomers
(styrene, butadiene, and isoprene), solvents (cyclohexane or benzene), and
initiator (^ec-butyllithium). Also, strict purification procedures and handling of
all materials coupled with the proper experimental conditions (20 - 25 ^C)
were essential for successfijl polymerizations.
2.4.1 Synthesis of Precursor Polymers
2.4.1.1 Allyl Chloride End-Terminated Polystyrene (PS-0)
The termination of polystyrl anion with allyl chloride was used to prepare
an olefin end-terminated polystyrene (PS-0). This reaction is shown in Figure
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2.5. This olefin was used for the incorporation of a SF at the chain end. This
termination reaction was reported to be relatively straightforward and
quantitatively, 14 proton >JMR of polystyrene (DP = 5) indicates that the allyl
chloride has terminated the polymerization by the presence of olefin peaks. In
practice, GPC analysis shows that this reaction yielded significant amounts of
dimer peak (see Figure 2.7). Dimer peaks are peaks of twice the molecular
weight of the desired molecular weight. This dimer is hypothesized to result
from chain coupling reactions involving electron transfer reactions during the
chain termination reaction^^. The only effective route for removal of this
dimer peak is by selective precipitation techniques. By using selective
precipitation, the dimer peak was removed and the end-capped polymer could
be used for modification reactions.
2.4.1.2 Synthesis of Ethylene Oxide End-Terminated Polystyrene
Following reported procedures''^, the addition of ethylene oxide to
polystyrl anion quantitatively yields alcohol end-terminated polystyrene
(PS-EO) (see Figure 2.5). TLC analysis shows that the ethylene oxide
termination reaction is quantitative. The TLC of polystryl anion terminated
with isopropanol (PS-H) (no alcohol) has an Rf = 1, while (PS-EO) has an Rf
= 0. There is not two or multiple spotting in the TLC for (PS-EO). The TLC
was performed using toluene as the eluting solvent on silica gel. This synthesis
effectively gives a SF polymer of known molecular weight, narrow
polydispersity, with one SF located at the chain end. Unfortunately, it is
limited to SF polymers with one SF at the end of the polymer.
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Figure 2.5. Reaction of polystyri anion with A) allyl chloride, B)
ethylene oxide, C) isoprene, and D) butadiene.
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2. NaOH/HjOj
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Figure 2.6. Modification of precursor polymers. HydrosiJylation of
PS-0, hydrosilylation of PS-I, hydroboration/oxidation of PS-I, hydrosilylation
ofPS-B, hydroboration/oxidation of PS-B.
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Elution Time
Figure 2.7. GPC chromatogram of 10k allyl chloride end-terminated
polystyrene (PS-0).
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2.4.1.3 Synthesis of Poly(styrene-fc-isoprene)
The addition of isoprene to polystyrl anion was performed as reported in the
literature^'l^ (gee Figure 2.5) and resulted in a diblock copolymer with narrow
polydispersity. GPC analysis of polystyrl anion before and after the addition of
isoprene shows an increase in molecular weight, indicating the successful
formation of a block copolymer (Figure 2.8). Proton NMR of the block
copolymer shows that isoprene was added to polystyrl anion by the observance
of a proton peak at 5 . 1 ppm (Figure 2 .9). The IR spectrum of the block
copolymer is shown in Figure 2. 10. (Note that the IR and NMR spectra refer
to samples as to their molecular weight and percent diene content, e.g. 10k
30%.)
2.4.1.4 Synthesis of Poly(styrene-A-l,2-biitadiene)
The addition of butadiene to polystyrl anion has been reported^^'^^ to
give block copolymers as shown in Figure 2.5. GPC analysis of polystyrl anion
before and afler the addition of butadiene shows the molecular weight change
due to block copolymer formation (Figure 2. 11). The addition of butadiene in
the 1,2-vinyl conformation was achieved by addition ofTMEDA, which
functions as a chelating agent^^'^^. TMEDA has been reported to give over
90% vinyl addition for the anionic polymerization of butadiene^ Proton
NMR analysis (Figure 2.12) shows both that butadiene was added and that the
butadiene was added as the 1,2-vinyl monomer units. This is confirmed by the
observance of vinyl proton resonances at both 4.9 and 5. 1 ppm in the proton
NMR spectra. If butadiene had been added in the 1,4 conformation only one
resonance would have been observed in the proton NMR spectrum. The IR
spectrum for the copolymer is shown in Figure 2. 13.
57
o
ex
in
o
o
-4—
»
Q
+
Elution Time
Figure 2.8. GPC chromatograms of A) polystyrene, and B)
poly(styrene-6-isoprene).
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Figure 2.11. GPC chromatorams of A) polystyrene, and B)
poly(styrene-^>- 1 ,2-butadiene).
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2.4.2 The Synthesis of Trimethoxysilane SF Polymers
2.4.2.1 Hydrosilylation of PS-O
The hydrosilylation of PS-O ( see Figure 2.6) with trichlorosilane or
trimethoxysilane was done using reported procedures for small molecule
hydrosilylation reactions 18-21 Hydrosilylation is the addition of silanes to
double bonds through transition metal catalysis. This route for SF
modification was chosen because hydrosilylations are reponed to give near
quantitative results for the addition of silanes to double bonds for both small
molecules and polymers 1^-25. Speier's catalyst-^'^V^ (chloroplatinic acid) was
used for the modification. Because it has been reported that TLC can be used
to differentiate polystyrene from ethylene oxide end-temiinated polystyrene^,
TLC was used to characterize the hydrosilylation modifications. All of the
modification conditions tried yielded no reaction. TLC of the end-modified
polymers had one eluted spot at Rf = 1, which is identical to polystyrene. An
Rf = 0 spot should have been observed for successful modification.
2.4.2.2 Hydrosilylation of Poly(styrene-^-isoprene)
The addition of a trimethoxysilane to poly(styrene-/;-i.soprene), to
function as a SF, was attempted by using hydrosilylation chemistry (see Figure
2.6). Small molecule hydrosilylation procedures using Speier's catalyst were
used to attempt this modification (the same procedure used for hydrosilylation
of PS-O). NMR and TLC analysis showed that all the hydrosilylation reactions
gave no addition of trimethoxysilane to the isoprene units in the block
copolymer. While we were doing this work, it was reported that
trimethoxysilane could be added to poly(styrene-/>l,2-butadiene) by
hydrosilylation, but the hydrosilylation of poly(styrene-/;-isoprene) was not
successful^^.
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2.4.2.3 Ilydrosilylation of Poly(styrene-Z>-l,2-butadiene)
The same hydrosilylation procedures which were unsuccessfully tried for
poly(styrene-A-isoprene)s were reported to give positive results for the
addition of trimethoxysilane to poly(styrene-Z>-l,2-butadiene)27 (see Figure
2.6). Proton NMR and IR spectra indicate that trimethoxysilane was added to
butadiene monomer units in the block copolymer (Figures 2. 14 and 2. 1 5). For
proton NMR, the introduction of the trimethoxy peak resonance at 3.4 ppm
shows that the modification took place. IR analysis indicates that the
modification took place through the addition of the Si-0 peak at 1 100 cm"l in
the IR spectrum. Af^er modification, proton NMR analysis indicates that the
reaction yield is critically dependent on the concentration of catalyst and the
reaction temperature. The highest yields were obtained in refluxing toluene
(110 °C) with 10"5 moles/ml of Speier's catalyst. Table 2. 1 shows reaction
yields for the addition of trimethoxysilane for all reaction conditions attempted.
The accuracy of these results are questionable due to the changes in the
physical nature of the modified polymer. GPC analysis (Figure 2.16) shows
that the polymer has undergone chain coupling and crosslinking during
modification and/or isolation. Along with chain crosslinking, fractions of the
modified polymer became insoluble in NMR solvents. Also, the modified
polymer stuck to the reaction glassware making collection of the polymer
difficult. Polymer crosslinking is believed to take place through the two step
reaction shown in Figure 2. 17. First, upon exposure to water, the trimethoxy
groups undergo hydrolysis to form silanols. Then, the silanols condense to
form siloxane linkages between and within polymer chains resulting in
crosslinking. Because of this, hydrosilylation was not used as the route to SF
polymers.
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Table 2.1. Reaction yields for the hydrosiiylation of
poly(styrene-Z)- 1 ,2-butadiene).
Percent Reaction For Hydrosiiylation
Catalyst Molar Concentration (mole/1)
Temperature CO 10^ 10^
60 17 0
80 45 22
100 68 44
110 80 65
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Figure 2.16. GPC chromatograms of 10k 6% A) poly(styrene-Z>-l,2
butadiene, and B) hydrosilylated poly(styrene-ft-l,2-butadiene).
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Figure 2.17. Condensation of trimethoxysilanes incorporated in
poly(styrene-Z?- 1 ,2-butadiene).
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2.4.3 Synthesis of Alcohol Containing SF Polymers
2.4.3.1 Hydroboration/oxidation of Poly(styrene-!>-isoprene)
A modification of a procedure reported by Chung^S was used for the
preparation of alcohol containing SF polymers (Figure 2.6). Chung reported
the use of hydroboration/oxidation chemistry to add alcohols to polybutadiene
and polyisoprene^S. The reaction temperatures had to be elevated for the
successflil modification of the styrene-diene block copolymers'^. Key to the
success of this modification route is the use of blocked borane, 9-
borobicyclononane (9-BBN) instead of borane (BH3) during the hydroboration
step. By using 9-BBN, quantitative modification was achieved with no chain
coupling or crosslinking taking place. After the polymer was hydroborated, it
was oxidized at low temperature (-25 °C) with an alkaline peroxide solution.
This modification of PS-I is shown in Figure 2.6. The reaction yield was
determined to be near 100% by the observance in the proton NMR spectrum
(Figure 2.18) of the complete disappearance of the olefin peak at 5.1 ppm after
modification. IR analysis (Figure 2.19) indicates that alcohols have been
introduced by the addition of the -OH and -CO stretches at 3420 and 1060
cm"l, respectively. GPC analysis (Figure 2.20) shows that there have been no
side reactions which result in changes in the polydispersity.
2.4.3.2 Hydroboration/oxidation of Poly(styrene-Z>-l,2-butadiene)
The same modification procedure used for incorporating alcohols into
PS-I, was used to modify PS-B (see Figure 2.6). The only difference is that
the hydroboration reaction time is 2 hours instead of the 4 hours required for
PS-T This is due the hydroboration of 1,2-vinyl PS-B being faster than the
hydroboration of PS-T NMR analysis (Figure 2.21) shows the complete
disappearance of the vinyl proton peaks at 4.9 and 5. 1 ppm after modification.
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Figure 2.20. GPC chromatograms of 10k 6% A)poly(styrene-Z>-
isoprene) and, B) poly(styrene-Z>-3-hydroxy-2-methylbutene).
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IR analysis (Figure 2.22) indicates the addition of alcohol functionalities as
shown by the -OH and
-CO stretches (3400 and 1080 cm-1). GPC analysis
(Figures 2.23 and 2.24) shows that there are no side reactions resulting in
chain coupling or crosslinking during modification. The broadening in the PDI
for the large modified block (10k 30%) is due to volume increases relative to
the unmodified polymer. The GPC trace for the small modified block (10k
6%) shows no difference between unmodified and modified polymers. TLC
analysis indicates the addition of alcohols because the modified PS-B had a Rf
= 0, while the unmodified PS-B has a Rf= 1 (using toluene as a carrier solvent
on silica gel). This reaction scheme, using PS-B as a precursor polymer, was
used to prepare the SF polymers for the adsorption experiments. The polymer
molecular weight and polydispersities for the samples prepared for use in the
adsorption studies are listed in Table 2.2.
2.4.3.3 Hydroboration/oxidation of Varying Architecture Block
Copolymers
Poly(styrene-^-l,2-butadiene) triblock copolymers and the random
copolymer were successfiilly synthesized using the procedures detailed in
sections 2.3.13, 2.3.14, and 2.3.15 (see Figure 2.25). The butadiene segments
were then modified by hydroboration/oxidation following the procedure
discussed in section 2.4.3.4. These polymers were then used in adsorption
experiments which are discussed in chapter 3.
2.5 Summary
The preparation of precursor block copolymers based on styrene and
dienes (butadiene and isoprene) by anionic polymerization techniques
successfully yielded block copolymers with known molecular weight and
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Figure 2.23. GPC chromatogram of 10k 30% A) poly(styrene-fe-l,2-
butadiene), and B) poly(styrene-Z>-4-hydroxybutene).
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Figure 2.24. GPC chromatograms of 10k 6% A) poly(styrene-A-l,2-
butadiene), and B) poly(styrene-A-4-hydroxybutene).
1
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Table 2.2. Polymers prepared for adsorption experiments.
A = modified butadiene, and B = styrene block.
Molecular Weight PDI
10k 1.05
10k 1.05
10k 1.05
50k 1.03
50k 1.01
50k 1.01
50k 1.01
1 AO
1 .Uz
50k 1.03
50k 1.03
140k 1.04
140k 1.06
140k 1.06
50k 1.02
50k 1.01
50k 1.02
% hvdroxvhiitenp Architecture Ref (NB^
6 aiDiocic 4-10
15 UIDIOCK 4-9
30 n 1 r\l r\n\j^ 4-y
0.02 7 10
3 dihlnrlc / "O /
6 diblock 4-116
9 diblock 7-69
12 diblock 7-17
15 diblock 4-76
30 diblock 4-76
6 diblock 5-16
15 diblock 5-17
30 diblock 5-17
6 A-B-A triblock 7-23
6 B-A-B triblock 7-27
6 random 5-148
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Figure 2.25. Synthetic scheme for triblock copolymers.
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narrow polydispersity. Two different modification routes were attempted, the
first being the addition of trimethoxysilane to the diene block by
hydrosilylation, and the second being the addition of alcohols to the diene
block by hydroboration/oxidation chemistry. The first route proved to be
unsuccessful in yielding well defined SF polymers due to low reaction yields
and chain coupling. The second route successftjlly incorporated alcohol
functionalties in quantitative yield with no chain coupling. The SF polymers
which were used for the adsorption experiments were based on poly(styrene-Z>-
1,2-butadiene) precursor polymers which were modified by the described
hydroboration/oxidation procedure. The polymer samples used for the
adsorption experiments discussed in chapters 3, 4, and 5, are listed in Table
2.2.
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CHAPTER 3
ADSORPTION OF POLY(STYRENE-5-4-HYDROXYBUTENE)S
TO SILANOL SURFACES
3.1 Introduction
This chapter deals with the adsorption of poly(styrene-6-4-
hydroxybutene)s to silanol (Aerosil 130 and glass slide) surfaces. The polymer
samples used in these adsorptions include a series of three molecular weights
with varying percent adsorbing segments and a series of architecture varying
samples. These samples were specifically prepared to study such fundamental
aspects of block copolymer adsorption as molecular weight effects, and
percent adsorbing segments effects on polymer adsorption. For the adsorption
experiments and results discussed in this chapter, the polymer samples are
labeled as to their molecular weight and percent hydroxybutene (the percent
adsorbing segments/anchors). For example, SOk 6% is a 50k molecular weight
sample with 6 mole % hydroxybutene.
These polymers were adsorbed to the surfaces from dilute solutions in a
50/50 mixture of cyclohexane and 1,2-dichloroethane at 25.0 ^C. At these
conditions, this solvent mixture is a good solvent for the copolymer. Polymer
adsorptions to Aerosil 130 were analyzed by UV spectroscopy and Thermal
Gravimetric Analysis (TGA), while adsorptions to glass slides were analyzed
by XPS and contact angle. To gain a greater experimental understanding of
block copolymer adsorption, experiments were performed to study such
adsorption variables as time, concentration, molecular weight, percent
adsorbing segments, solvent, polymer architecture, and temperature.
This chapter is organized into an adsorption experimental section (3.2),
results and discussion sections for adsorptions to Aerosil 130 (3.3), and
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adsorptions to glass slides (3.4), followed by a summary section (3.5). The
results and discussion sections contain detailed explanations of the polymer
adsorption data. The adsorption data discussed in each of these sections is
presented in graphical form. The bulk raw data is contained in tables in
Appendix A.
3.2 Experimental
3.2.1 Materials and Methods
Cyclohexane and 1,2-dichloroethane were dried over molecular sieves for
24 hours prior to use in adsorption experiments. Aerosil 130 (Degussa) was
purified by heating to over 325 in dry air for 24 hours. Aerosil 130 was
stored under nitrogen atmosphere until used. Glass slides (Fisher) were
purified by soaking in Nochromix acid bath for 24 hours. This was followed
by three washes with distilled water, three washes with methanol, and 3 washes
with adsorption solvent mixture. During each wash, the glass slides were
sonicated. The glass slides were used immediately after purification.
Polymer samples were dried under vacuum for 24 hours and stored under
nitrogen. Stock adsorption solutions were prepared by dissolving a known
amount of polymer sample in the adsorption solvent. This solution was then
filtered with a 5 jim filter prior to use.
3.2.2 Adsorption Experiments
3.2.2.1 Adsorptions to Aerosil 130
Prior to adsorptions to Aerosil 130, the UV spectrophotometer (Perkin
Elmer Lambda 2 with PECSS software) calibrations for each polymer were
performed using known concentration polymer solutions. A typical adsorption
experiment was performed as follows:
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First. 0.
1 g of Aerosil 130 was weighed into a Schlenk tube, containing a teflon
coated stir bar, under nitrogen. Then, a known volume of 50/50 cyclohexane/
1,2-dichloroethane was cannulated into the Schlenk tube. The Schlenk tube
was then brought to a constant temperature of 25 oc, and the aerosil/solvent
mixture was stirred. Finally, a known amount of polymer stock solution was
added to the Schlenk tube by syringe.
Analysis was done as follows:
For UV spectroscopic analysis, a known volume of the adsorption
solution was syringed out of the schlenk tube. This aliquot was diluted with
adsorption solvent in a centrifuge tube. The resulting solution was centriftiged
for approximately 30 minutes. The concentration of the aerosil free solution
was then determined by UV spectroscopy at 261.7 nm.
For TGA analysis, the total adsorption solution was added to a
centrifuge tube and centrifuged. The solution was then removed and the
aerosil was washed with 20 ml of solvent and centrifijged three times. The
aerosil was collected and dried under vacuum for 24 hours. A Dupont
Thermal Analyzer TGA was used for analysis. 10 - 20 mg of aerosil was
heated from 100 - 700 at 10 ^C/min, under a nitrogen atmosphere.
3,2.2.2 Adsorptions to Glass Slides
A glass slide was added to a Schlenk tube which was then purged with
nitrogen. A known volume of adsorption solvent was added by cannula. The
glass/solvent mixture is warmed to 25 ^C. Then, a known volume of stock
polymer solution was added by syringe. Most of the adsorptions were allowed
to run for 24 hours. The adsorption solution was removed by cannula and the
glass slide was washed with 3 x 10 ml solvent and dried under vacuum for 24
hours. Advancing and receding water contact angles were measured on a
87
goniometer. XPS analysis was performed using a Perkin-Elmer 5100 ESCA
instrument. XPS spectra were taken at angles varying from 15 to 75°.
3.3 Results and Discussion
These polymer adsorption experiments were performed using a 50/50
solvent mixture of cyclohexane and 1,2-dichloroethane at a constant
temperature of 25 OC. Under these conditions, the unmodified precursor
polymer poly(stryene-Z)-l,2-butadiene) does not adsorb while the modified
polymer does adsorb. Aerosil 130 was chosen as an adsorption substrate due
to its high surface energy and high surface area. The high surface area allowed
the adsorptions to be analyzed by following the depletion in the solution
concentration during adsorption. Glass slides were used so that the dry
adsorbed polymer layer could be probed. It was hoped that through XPS and
contact angle we could both follow the polymer adsorption and gain insight
into the adsorbed polymer structure.
3.3.1 Adsorptions to Aerosil 130
3.3.1.1 Adsorption Kinetics
The adsorption kinetics were determined by performing an adsorption at
a specific concentration and measuring the amount of polymer adsorbed as a
function of time. Figure 3.1 shows a plot of amount of polymer adsorbed (in
weight per surface area) versus time for the 50k diblock samples. The kinetics
for all of these samples, except the 50k 6% sample, were done at a
concentration of 2.0 mg/ml. The 50k 6% sample kinetics were measured at
1.26 mg/ml. The kinetics data is listed in Appendix A.l. Figure 3.1 indicates
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Figure 3.L Adsorption kinetics for the SOlc samples. Amount of
polymer adsorbed (weight per surface area) plotted versus time.
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that there is no change in the adsorption kinetics after a few minutes (the first
data point was taken at 5 minutes). The adsorption kinetics are very fast and
over 24 hours there is no measurable change in the adsorption. This indicates
that 1) the adsorption is fast and 2) there are no surface rearrangements taking
place within 24 hours which would result in changes in the polymer adsorption.
Kinetics experiments were also done with the 10k 6% and 140k 6% samples
which showed the same behavior. Figure 3.2 shows the adsorption kinetics
for the triblock and random copolymers. For these samples, kinetics
experiments were conducted at both low concentration (0.4 mg/ml) and high
concentration (2.0 mg/ml) to check if there were any concentration effects
controlling surface rearrangement behavior of the adsorbed polymers with
different architectures (for data see Appendix A.l). Figure 3.1 shows that both
the adsorption kinetics are faster than the measurement times (5 min ), and
there is no change in the amount adsorbed over time due to any polymer
interfacial conformational rearrangements.
3.3.1.2 Adsorption Concentration Isotherms
The effect of solution concentration was studied by measuring the
amount of polymer adsorbed with increasing solution concentration. Figures
3.3, 3.4, and 3.5 show the adsorption concentration isotherms for the 10k,
50k, and 140k samples (plot of amount adsorbed versus concentration). The
concentration isotherms were measured by UV analysis. The adsorption
isotherm data is listed in Appendix A. 2. Each of the samples shows a high
affinity type isotherm in which the amount adsorbed increases with
concentration up to a plateau value. Once this plateau is reached, the amount
adsorbed stays constant with increasing solution concentration. This plateau
value is termed as the "total polymer adsorption". This value varies with each
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Figure 3.2. Adsorption kinetics for 50k 6% triblock and random
copolymers at low (0.4 mg/ml) and high (2.0 mg/ml) concentrations.
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Figure 3.3. Adsorption isotherms for the 50k: samples. Amount
adsorbed in weight per surface area plotted versus initial solution
concentration.
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Figure 3.4. Adsorption isotherms for the 10k samples.
93
2.5-
2.0
^ 1.5 -
V3
E 1.0-
0.5 -
0.0-^
0.0
8
*
0.5
o n
T r
1-0 1.5 2.0
cone (mg/ml)
2.5
n 6%
15%
n 30%
3.0
Figure 3.5. Adsorption isotherms for the MOk samples.
94
sample and it will be used to compare the total adsorption between the polymer
samples. Another observed difference between samples of the same molecular
weight is the concentration at which this plateau value is reached. For the 50k
samples (Figure 3.3), this plateau moves to lower concentration as the percent
hydroxyl increases from 9% to 30%, and decreases from 9% to 0.02%. For
the 10k and 140k polymers, the plateau is reached at lower concentrations with
increasing percent hydroxyl groups.
To understand the nature of the adsorbed layer equilibrium, dilution
experiments were conducted. For these experiments, a sample was adsorbed
well into its plateau concentration. Then, solvent was added to dilute the
concentration to below the plateau value and the amount of polymer adsorbed
was measured. For these experiments, the 140k 6% sample was used. The
adsorption was taken to its maximum concentration (see Figure 3.6 and
Appendix A. 3) and then diluted down to 1.65 mg/ml. The amount adsorbed
was measured after 8 hours. Then two further dilutions were done with 8 hour
intervals between measurements. From Figure 3.6
,
it is observed that the
amount adsorbed does not change under dilution conditions for up to 24 hours.
The desorption kinetics are very slow which means that the polymers are
essentially adsorbed in a "non equilibrium" fashion.
3.3.1.3 Total Polymer Adsorption
To compare the total polymer adsorption between the various samples,
the plateau values are plotted versus percent adsorbing segments in Figures 3.7
and 3.8. These plateau values were measured by TGA of the dry aerosil for
concentration isotherms well into the plateau region (see Appendix A.4 for
data). In Figure 3.7, only the 50k samples are plotted. The graph shows that
the amount adsorbed increases with decreasing percent adsorbing segments
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Figure 3.6. Amount of polymer adsorbed under dilution conditions.
Dilution of 140k 6% with adsorption solvent.
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(SF) form 30% to 9%. Then the amount adsorbed decreases rapidly from 9%
to 0.02%. This behavior is indicative of the theoretically predicted adsorption
regimes^ >2.
The adsorption behavior in the 30% to 9% range agrees with the anchor
dominated regime. This is where the amount adsorbed is solely dependent on
the size of the adsorbing or anchor block 1.2 ^uoy block does not exert
any control over the polymer adsorption. In the anchor dominated regime the
amount adsorbed increases with decreasing percent adsorbing segments in a
1/x type relationship.
At the maximum observed adsorption (9% adsorbing segments) the
polymer is in the end grafted adsorption regime. In this regime, the buoy block
is extended as far as energetically possible, resulting in the highest amount of
polymer adsorbed 1.2, The 0.02%, 3%, and 6% samples fall into the buoy
dominated regime. Here the size of the buoy block exerts control over the
amount of polymer adsorbed to the surface. As the buoy takes up more
volume above the surface, the amount of polymer adsorbed is severely limited
(the amount adsorbed decreases drastically). The observed results agree well
with the qualitative picture detailed by both the MJ and MF theories ^ .2.
To study the effect of changing the total molecular weight on polymer
adsorption, the total polymer adsorption for the 10k, 50k, and 140k samples
are plotted versus percent adsorbing segments in Figure 3.8. From the graph
it can be seen that in the anchor domniated regime (the 15% and 30% samples)
the polymer adsorption increases with increased molecular weight. This
molecular weight dependence is predicted by the MF theory2 (see Figure 1 .6).
The MJ theory predicts that the amount adsorbed will be independent of
molecular weight in the anchor dominated regime^
.
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For the buoy dominated regime (6% samples), the observed resuhs
show some divergence from theoretical predictions. When the molecular
weight is increased from 10k to 50k there is an increase in polymer adsorption.
This correlates with both the MJ and MF theoriesl>2 (see Figures 1.5 and 1.6).
When the molecular weight is increased from 50k to 140k there is a substantial
decrease in the amount adsorbed. Because both theories predict that the
adsorption maxima shift to lower values of percent adsorbing segments with
increasing molecular weight, the 140k 6% result does not fit with either of the
theoretical models. This result can be explained in one of two ways. First of
all, the theoretical model predictions for higher molecular weight polymers may
be inaccurate when compared to this system, or there may be some geometrical
size restriction behavior taking place as a result of the interplay between the
aerosil surface geometry and the polymer's radius of gyration.
The MJ theory also predicted that if the surface graft density is plotted
versus percent adsorbing segments, similar adsorption behavior to the amount
adsorbed versus percent adsorbing segments would be observed ^ (see Figure
1.5). Since the graft density is the area occupied by each polymer adsorbed on
the surface, knowing the surface graft density can be used to understand the
relative chain stretching due to the polymer packing taking place during
adsorption. The graft density can be calculated as shown below
[T(mg)x 10-9xN]/Mn = S (3.1)
1/S0-5=D (3.2)
a2/D2 = o (3.3)
Where T = the amount adsorbed, N = the number of polymer molecules, =
the number average molecular weight, S = the surface density, D = the distance
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between the grafting sites, a = the monomer segment length, and o = the graft
density. 5.7 angstroms was used for a in these calculations^. The graft
density for the SOk samples is plotted versus the percent adsorbing segments in
Figure 3.9. The graph shows a qualitative agreement with the predictions of
the MJ theoryl. The MJ predictions are plotted on Figure 3.9 for comparison.
From the graph, the predicted maximum graft density is at P = N^l/^. For a
SOk polymer, this maximum would take place at about S.S % adsorbing
segments^ This is close to the observed maximum.
The MF theory predicts that the maximum adsorption for a SOk polymer
would take place at 12% adsorbing segments^. The experimentally observed
results fall in-between the two theories. It is important to note that the MJ
theory does not address the effectiveness of the adsorbing segments to be
located at surface sitesV Because of this, there is no molecular weight
dependence in the anchor dominated regime for the MJ theory (see Figure l.S).
The MF theory predicts that not all of the adsorbing segments will be flat on
the surface. In fact, at the adsorption maximum 8S% of the adsorbing
segments will be flat on the surface^. This behavior is predicted to be
molecular weight dependent which resuhs in the observed molecular weight
effects in the anchor dominated regime (see Figure 1.6). This more closely
represents the experimental evidence (Figure 3.8).
In summarizing the effective agreement between the experimental results
and the two theoretical models, it is observed that the overall trend in
adsorption is qualitatively similar. The experimental adsorption maximum falls
in-between the maximums predicted by both models. The observed molecular
weight effects in the anchor dominated regime agree well with MF theory but
this is not predicted by the MJ theory. Deviations from the MF theory may be
due to the lack of excluded volume effects incorporated into the model or
101
Figure 3.9. Comparision of the surface graft density as a function of
percent adsorbing segments for the 50k: samples and the MJ predictions.
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polydispersity effects. It has been conjectured that the adsorption maximi
may be shifted by the polydispersity even when the sample has a very low
polydispersityS Deviations fi-om the MJ theory could arise from both the
polydispersity and the assumption that all of the adsorbing segments are
located at the surface.
3.3.1.4 Architecture Effects on Polymer Adsorption
Block copolymers of varying architectures were prepared (Table 2.2) to
study the effect chain architecture has on polymer adsorption. The samples
prepared and used were all 50k molecular weight containing 6 mole %
hydroxybutene. The chain architectures under study were the diblock (A-B),
the A-B-A triblock, the B-A-B triblock, and the random copolymer. A
denotes the anchor block (hydroxybutene) and B denotes the buoy (styrene)
block. Concentration isotherms were measured for the adsorption of these
samples to aerosil 130 (see Figure 3.10 and Appendix A. 2).
From the concentration isotherm data, it is observed that the chain
architecture critically controls the polymer adsorption. The plateau value or
total polymer adsorption is widely different for each of these architectures.
The diblock structure has the highest polymer adsorption. The B-A-B triblock
adsorbs to a lesser degree than the diblock, but is higher than the A-B-A
triblock. The random architecture has a much smaller total adsorption value
than the triblock or diblock structures.
The amount of polymer adsorbed appears to be controlled by the
required conformation that the adsorbed polymer must assume. The
adsorption results can be explained by the geometries involved in the polymer
adsorption for each of these polymer architectures. The diblock has a flat
(train) adsorbed layer with a buoy extended into solution (see Figure 3.1 1).
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Figure 3.10. Concentration isotherms for 50k 6% A-B dibloclc, A-B-
A
triblock, B-A-B triblock, and the random copolymer.
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Figure 3.11. Conformations of adsorbed polymers having a) A-B
diblock, b) B-A-B triblock, c) A-B-A triblock, and d) random copolymer
architectures.
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The B-A-B triblock has a flat block on the surface with two buoys extending
into solution. Because the B-A-B triblock has two buoys instead of one, this
requires more volume above the anchor for each polymer. This effectively
increases the buoy domination, thus decreasing the number of polymers
adsorbed to the surface. This has the same effect as decreasing the percent
adsorbing segments (moving farther into the buoy dominated regime). The
A-B-A triblock requires the polymer to have two anchors with a very
restricted loop between the two. This conformation may take up more surface
area (two anchors instead of one) but more importantly the loop between
severely restricts the buoy conformation which further reduces the polymer
adsorption. The random copolymer adsorbs in a similar fashion to the
adsorption of a homopolymer. The random copolymer adsorbs at many
locations along the polymer chain. This means that the polymer has trains,
loops, and tails. Because of this, the polymer lies fairly flat on the surface
taking up a lot of surface area so there is very little polymer adsorption.
Another interesting aspect of varying the polymer architecture is the
nature of the polymer/aerosil solution. For the diblock and B-A-B triblock
systems, a colloidal dispersion is created when the polymers are adsorbed to
the aerosil particles. This takes place due to the segment/segment repulsions
taking place between buoys from different aerosil particles. For the random
and A-B-A triblock systems, flocculation of the aerosil particles takes place.
This is due to the polymers bridging from one aerosil particle to another. This
bridging draws particles together resulting in the observed flocculation.
The effect architecture has on block copolymer adsorption has received
very little attention by theoretical models. The MF theory compared the
adsorption behavior of the B-A diblock and B-A-B triblock structures. The
MF model predicts that the diblock would adsorb to a greater degree than the
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triblock2 (see Figure 1.8). No other work has been done comparing the
adsorption of different polymer architectures. Experimentally, only Kolb^ has
studied the effect that changing polymer architecture has on polymer
adsorption. He studied the adsorption difference between diblock and A-B-A,
and observed a decrease in adsorption from the diblock to the triblock
architecture.
3.3.1.5 Solvent Effects on Polymer Adsorption
To study the control that the solvent quality has on polymer adsorption,
adsorption experiments were performed under different solvent conditions. It
was hoped that increasing the solvent/segment interaction energy x, while
holding segment/surface interactions constant would decrease the polymer
adsorption and decreasing the solvent/segment interaction would increase
adsorption. To experimentally test this, concentration isotherms were
measured for the 50k 6% sample in 50/50 cyclohexane/l,2-dichoroethane,
100% 1,2-dichoroethane, and 100% cyclohexane (see Figure 3.12 and
Appendix A. 2). The 100% DCE is a better solvent than the 50/50 mix, while
the 100% cyclohexane is a poor solvent for this system.
When the solvent was changed from the 50/50 mix to 100% DCE, the
amount of polymer adsorbed decreased dramatically. Although the adsorption
in 100% cyclohexane, gave results similar to the 50/50 solvent adsorption, the
physical behavior was dramatically different. In the case of the 50/50 mix and
the 100% 1,2-dichloroethane, a colloidal dispersion was created after polymer
adsorption, while in the 100% cyclohexane system the aerosil formed a
gelatinous precipitate on the adsorption vessel. Since cyclohexane was a poor
solvent for the system the polymer/aerosil mixture appeared to collapse out of
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Figure 3.12. Adsorption isotherms for the adsorption of 50k 6% diblock
in 50/50 cyclohexane/l,2-dichoroethane, 100% dichoroethane, and 100%
cyclohexane.
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solution. Because of this, the validity of the 100% cyclohexane data was
suspect.
The effect of increasing the solvent strength, x value, has only been
observed by Kawaguchi et al5 for homopolymer polystyrene. Polystyrene was
adsorbed to chrome from both cyclohexane (theta solvent conditions) and
carbon tetrachloride (good solvent). Kawaguchi observed the same trend as
observed here, that the amount of polymer adsorbed dramatically decreased
when the solvent x is increased.
3.3.2 Adsorptions to Glass Slides
The polymer samples were adsorbed to glass slides under the same
experimental conditions used for the adsorption to aerosil experiments. Under
these conditions, the unmodified precursor polymers do not adsorb to the glass
slides while the modified polymers do adsorb. For these experiments, the
surfaces were analyzed with water contact angle and XPS. Adsorption
experiments included studying ad.sorption kinetics, concentration isoihemis,
and the total polymer adsorption. The results of these studies gave results
similar to the adsorptions to aerosil. Becau.se of this, the discussion will be
limited to the total polymer adsorption results. In addition to these
experiments, the effect of varying temperature on polymer adsorption was
studied and the results of these experiments will be discussed.
3.3.2.1 Total Polymer Adsorption to Glass Slides
The adsorption of the diblock copolymers to glass slides were measured
by XPS and the data is presented as the change in the C/Si atomic composition
ratio. Variable angle XPS (15 - 75°) was u.sed to gain an understanding of the
adsorbed film thickness. The most dramatic changes in atomic composition
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were observed at the 150 takeoff angle. A sample XPS spectrum for clean
glass and adsorbed glass slides are shown in Figure 3.13. The cleaned glass
slide has high oxygen and silicon content, plus a large amount of adventitious
carbon present. This Cls spectra indicates that this adventitious carbon is both
hydrocarbon material and oxidized material. The presence of this adventitious
carbon material is a result of carbonaceous material adsorbing to the high
energy glass surface from the atmosphere. After the block copolymer is
adsorbed, the XPS spectra shows a large increase in the carbon peak and an
associated decrease in the oxygen and silicon. The Cls peak narrows
indicating the exclusive presence of hydrocarbon material. Also, there is an
observed n-n shake up peak which is indicative of polystyrene adsorbed to
the glass slide surface^. These results show that the polymers both adsorb to
the glass surface and displace the adventitious carbon material.
The plateau values for the total polymer adsorption for the 50k samples
are plotted versus percent adsorbing segments in Figure 3.14 (see Appendix A.
5). A similar trend in the adsorption behavior is observed for the adsorption to
glass slides as seen for the adsorptions to aerosil. There is an increase in
adsorption with decreasing adsorbing segments from 30% to 9%. This is
predicted behavior for the anchor dominated regime. From 9% to 0% there is
a dramatic decrease in the adsorption. This behavior is predicted for the buoy
dominated regime.
A distinct difference observed here is that the amount adsorbed is higher
for the buoy dominated regime than the anchor dominated regime. This is not
seen for the adsorption to aerosil. The change in adsorption behavior is
believed to be a result of uneven film formation on the glass surface. Evidence
for "patchy" film formation was observed by varying the XPS analysis angle.
Film thicknesses was measured using variable angle XPS following the
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Figure 3.13. 1 5° takeoff angle XPS spectra of A) clean glass slide, and
B) glass slide with adsorbed polymer.
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Figure 3.14. Total polymer adsorption to glass slides for the 50k
samples. XPS data for the C/Si atomic composition ratio measured for the 15^
takeofif angle plotted versus the percent adsorbing segments.
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procedure developed by Tirrell et al^. This involved measuring the Si2p peak
at varying angles and using these values in conjunction with the following
equation derived by Tirrell et al.;
ln[Si2p(e)/Si2p(750)] = - T/X[(l/sine) - 1] (3.4)
Where X is the escape depth of Si, x is the layer thickness, and 6 is the takeoff
angle. The escape depth used for Si2p is 15.7 angstroms. The calculated film
thicknesses for the 50k samples are listed in Table 3.1. The calculated film
thicknesses are too low. In calculating the film thickness, is assumed that the
film is uniformly on the surface. This requires planar uniformity in the
adsorbed layer and not isolated island type formation. Since the measured film
thicknesses are so very low (Tirrell observed an order of magnitude larger film
thicknesses for poly(styrene-Z»-vinylpyridiene) adsorbed to mica from
toluene)^, it is believed that adsorbed layer is not a uniform film. These results
may explain the observed differences in the apparent amount adsorbed in both
the anchor and buoy dominated regimes.
The water contact angle data for the clean glass and adsorbed glass
surfaces is listed in Table 3 .2. For all the adsorbed surfaces, the advancing
contact angle increases dramatically, from 25 to about 90°, indicating that
polystyrene was adsorbed to the surface. Polystyrene has an advancing contact
angle of 90^. The receding contact angles are higher than that for clean glass,
but are lower than for polystyrene (70°). Contact angle hysterisis is proposed
to be indicative of chemical heterogeneity and in this case is probably due to
non uniform film formation.
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Table 3.1. Adsorbed polymer layer thickness for adsorptions to glass
slides. For data see Appendix A. 7.
k 5 ^
Calculated Film Thicknesses
Sample
0.02%
3%
6%
9%
12%
15%
30%
Thickness (angstroms)
1.15
3.60
3.19
5.84
4.01
2.30
1.63
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e 3.2. Water contact angles for polymers adsorbed to glass slides.
Water Contact Angles
^MlSik Contact Anples (advancing/receding)
clean glass 25/0
0.02% 89/38
3% 90/55
6% 90/68
9% 90/68
12% 91/60
15% 90/60
30% 90/60
polystyrene 90/70
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3.3.2.2 Effect of Temperature on Adsorption
To study the effect of temperature on polymer adsorption, samples from
both the anchor dominated and buoy dominated regimes were used in variable
temperature adsorption experiments. It is predicted that increasing the
temperature in effect increases the solvent/segment interaction energy
(increasing the x value). Therefore, increasing the temperature would
preferentially affect the buoy block. As the temperature increases, the buoy
block becomes better solvated (expanded in volume). In the buoy dominated
regime, increasing temperature can critically effect adsorption in one of two
possible behaviors. First of all, increasing temperature, the buoy may be able
to rearrange easier and thus allow for more efficient polymer packing
(decreasing the surface graft density). This effectively moves the adsorption
maximum to smaller adsorbing block sizes resulting in higher polymer
adsorption. In the second case, the increased x results in an expanded radius
of gyration of the buoy (the buoy block effectively taking up more volume).
This moves the polymer further into the buoy dominated regime (move to the
left on the adsorption versus percent ad.sorbing segment graph). This second
behavior results in a decrease in adsorption with increasing temperature.
Coupled with this is the possibility of the adsorbed polymer segments may
desorb from the surface due to higher segment/solvent interaction energies.
Both will result in a decrease in the polymer adsorption.
Since the buoy block does not exert any control over adsorption in the
anchor dominated regime, increasing the temperature should have little to no
affect. This is due to the cooperativity between the large number of segments
adsorbed to the substrate reducing the probability that each of the segments
will be desorbed at the same moment.
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To analyze the control which temperature has on the adsorption process,
50k 30%, 50k 6%, and 140k 6% samples were adsorbed to glass slides at
varying temperatures. In these experiments, the polymer was adsorbed to a
glass slide at 25, 50, and 750 C, for 24 hours. Then XPS was used to follow
the polymer adsorption (see Appendix A. 7 for data). Glass slides were used
as the substrate for temperature experiments because accurate control over
temperature was not possible with the aerosil adsorptions.
Figure 3. 15 is a plot of the C/Si ratio versus temperature for these three
samples. For the 50k 30% sample there is not a significant change in the
amount adsorbed with increasing temperature. The 50k 6% sample adsorption
increases when the temperature increases from 25 to 50 ^c. Raising the
temperature to 75 results in a decrease in the polymer adsorption. The
140k 6%) sample shows increasing adsorption with increasing temperature.
At 25 oc, the 50k 30% sample is representative of the anchor dominated
regime (see Figure 3.8). As predicted, the increase in temperature does not
change the polymer adsorption. At 25 ^C, the 50k 6% and 140k 6% samples
are located in the buoy dominated regime. For the 50k 6% sample it is
observed that both possible predicted behaviors are taking place. As the
temperature is initially increased, the polymer adsorption increases
dramatically. The adsorbed polymer takes up a conformation which allows
more efficient polymer packing which results in increased polymer adsorption,
(effectively moving the adsorption maximum to a smaller block size). Then, as
temperature is frirther increased, the polymer adsorption decreases. This
indicates that either 1) the buoy block is more effectively limiting adsorption
due to a larger Rg (moving the peak maximum back to larger block sizes), or
2) the polymer is beginning to desorb from the surface. Since the amount of
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Figure 3.15. Adsorption of 50k 6%, 50k 30%, and 140k 6% to glass
slides at varying temperatures. Data is the C/Si atomic composition for the
15° takeofif angle.
118
polymer adsorbed is still higher at 75 oc than 25 oc, the first of these two
behaviors appears to be taking place.
The 140k 6% sample exhibits behavior similar to the 50k 6% sample. As
the temperature is increased the polymer adsorption increases. It appears that
in this system, as with the 50k 6% system, when the temperature is increased
the buoy block is able to rearrange to give a higher density packing. This
results in increased adsorption with increased temperature.
3.4 Summary
The results for the adsorption of these modified block copolymers to
silanol surfaces have been reported and discussed in the previous sections.
From these results, it has been shown how time, concentration, molecular
weight, percent adsorbing segments, chain architecture, solvent, and
temperature control block copolymer adsorption. The summarized results are:
1) The adsorption kinetics for these samples was observed to be very
fast and the desorption is very slow.
2) The polymer adsorption increases with increasing concentration up to
a plateau value.
3) For the total polymer adsorption (for the 50k series), it was observed
that there is a maximum polymer adsorption associated with the relative
block sizes as predicted by both MJ and MF theories. Therefore, these
polymer samples exhibit adsorption behavior associated with buoy
dominated regime, the anchor dominated regime, and the end grafted
regime.
4) Changing the polymer architecture from the diblock to either triblock
or random architectures critically reduces the polymer adsorption. This
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is a result of the conformation requirements imposed by the architecture
of the adsorbed polymer.
5) Increasing the solvent quality reduces the polymer adsorption.
6) Increasing the adsorption temperature results in no change in
adsorption for the anchor dominated regime while affording drastic
changes in adsorption for the buoy dominated regime.
These studies result in a definite expansion in the fundamental understanding of
block copolymer adsorption over what is currently known.
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CHAPTER 4
COMPETITIVE BLOCK COPOLYMER
ADSORPTIONS
4.1 Introduction
This chapter deals with a series of competitive adsorptions of sets
of two different polymer samples. The adsorption of two diflFerent polymers to
the same surface, depending on conditions, may result in either a mixed surface
or a surface completely dominated by one of the polymers (Figure 4.1).
Adsorption of different polymer samples, or "competitive polymer adsorptions"
has been studied only in a few isolated cases. These competitive adsorptions
have involved the adsorptions of two different molecular weight
homopolymers^'2, different homopolymer/end functionalized polystyrenes^,
and protio/deuterio paired polymers"^"^.
In the case of protio/deuterio polymers adsorbed competitively,
Granick"^"^ used the isotope effect to study the adsorption energies and the
exchange rates between adsorbed polymer and polymers in solution.
Competitive adsorptions between end flinctionalized/homopolymer
polystyrenes were also used to quantify adsorption energies. Kawaguchi^
studied the competitive adsorption of different molecular weight homopolymer
polystyrenes adsorbed to porous silica gel. Competitive adsorptions between
block copolymers have not yet been studied.
4.2 Experimental
Competitive polymer adsorptions were performed using the same solvent
and adsorption conditions used for the adsorption experiments detailed in
chapters. Three types of competitive adsorptions were performed. They
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Figure 4.1. Competitive polymer adsorption yielding a
dominated adsorbed surface.
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were the simultaneous adsorption of two different molecular weight diblock
samples and the sequential competitive adsorptions of these two samples.
Sequential adsorptions were done in both possible ways (low molecular weioht
sample adsorbed first followed by high molecular weight sample, and the
reverse). Analysis was done using GPC with an internal How marker which
was either toluene or a high molecular weight polystyrene standard (2000k).
4.2.1 Simultaneous Adsorptions
For simultaneous adsorptions, two different molecular weight samples
were adsorbed to aerosil 130 at the same time. Under nitrogen atmosphere,
0.1 g of purified aerosil was weighed into a schlenk tube with a Teflon coated
stir bar. A known volume of solvent was added by cannula, stirred rapidly,
and kept at a constant temperature of 25.0 ^C. Then a mixture of the two
polymer samples at known volumes (to give a specific and equal solution
concentration for each) was added by cannula. The adsorptions were allowed
to run for 24 hours before analysis was done. A known volume of the
adsorption solution was removed for analysis. This solution was centrifuged
for 30 minutes. Then 1 ml of this solution was removed and added to a 5 ml
volumetric flask. The solvent was then evaporated and the residue was
redissolved in THF with the internal standard, to give 5 ml total volume. Then
this solution was analyzed by GPC, and the amount of polymer adsorbed was
calculated by solution depletion.
4.2.2 Sequential Adsorptions - Low/High
For sequential adsorptions, an adsorption reaction ves.sel (Schlenk tube)
was prepared as detailed in section 4.2. 1 . After a known volume of solvent
was added to the vessel, the low molecular weight polymer was added by
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cannula to give a 2.0 mg/ml polymer solution. The low molecular weight
sample was allowed to adsorb for 2 hours. Then, the high molecular weight
sample was added to give a 2.0 mg/ml solution of high molecular weight
polymer. The polymer adsorption was monitored with respect to time. The
analysis was done as detailed in section 4.2.1.
4.2.3 Sequential Polymer Adsorption - High/Low
For the High/Low sequential adsorptions, the same procedure detailed in
sections 4.2.2 was used, except the high molecular weight polymer sample was
adsorbed first followed by the addition of the lower molecular weight sample.
The polymer adsorption was again monitored with respect to time.
4.3 Results and Discussion
Three different molecular weight sample pairs were studied in
competitive adsorption experiments. These sample pairs, 140k 6%/lOk 6%,
140k 6%/lOk 30%, and 50k 6%/lOk 30%, were studied in both sequential
adsorptions and the simultaneous adsorptions. Because the adsorptions were
analyzed by GPC, to gain accurate results, the sample pairs used had to be
baseline resolved. Due to this, the flow markers used (either toluene or very
high molecular weight polystyrene) were also baseline resolved from the
polymer samples used in the experiments. The results presented here are
divided into three sections, one for each sample pair with the simultaneous and
sequential adsorption results being discussed for each.
4.3.1 140k 6%/IOk 6% Competitive Adsorptions
Figures 4.2, 4.3, and 4.4 detail the results for the simultaneous and
sequential adsorptions for the 140k 6% and lOk 6% pair (see Appendix A. 8
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Figure 4.2. Concentration isotherm for the simultaneous adsorption of
140k 6% and 10k 6%.
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Figure 4.3. Adsorption as a flinction of time for the adsorption of 140k:
6% to an aerosil/adsorbed 10k 6% surface.
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Figure 4A. Adsorption as a function of time for the adsorption of I Ok
6% to an aerosil/adsorbed 140k 6% surface.
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for data). For ihc simultaneous adsorption (Figure 4.2) the 14()k 6% adsorbs
while the lOk 6% does not ad.sorb at all. The 14()k 6% dominates the
adsorption, excluding the lOk 6% and desorbing any lOk 6% which adsorbed
faster than the 14()k 6%.
For both of the sequential adsorption experiments, the adsorption is
dominated by the 14()k 6% sample. When the lOk 6% sample is adsorbed to
the acrosil first, the 140k 6% completely desorbs the 10k 6% polymers (Figure
4.3)
.
When the 14()k 6% sample is adsorbed first, the lOk 6% cannot either
desorb any of the 140k 6% or penetrate the adsorbed polymer brush (I^gure
4.4)
.
This results in no lOk 6% sample adsorbing to the aerosil. In each of the
competitive adsorptions, the 14()k 6% sample adsorbs and the 10k 6% does
not adsorb yielding a non mixed surface.
4.3.2 14()k 6%/l()k 30% Competitive Ad.sorptions
Figures 4.5, 4.6, and 4.7, show the results for the competitive
adsorptions between the 14()k 6% and lOk 30% (.see Appendix A. 8 for data).
The simultaneous adsorption of both the 14()k 6% and the 10k MWc yields a
mixed surface (see Figure 4.5). At low concentration (0.5 mg/ml) the two
samples adsorb to the same degree. At higher concentrations (into the plateau
region) the 140k 6% adsorbs roughly twice as much as the 10k 30%.
Therefore, one could use solution concentration to prepare a range of mixed
surface compositions. An inlcrcsling observation is ihc fact that the combined
total polymer adsorption is much greater than the total ad.sorption for each
individual sample.
For the sequential adsorption where the 140k 6% sample is adsorbed
first, a dominated surface results (Figure 4.6). The I Ok .^0% sample is neither
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Figure 4.6. Adsorption as a function of time for the adsorption of MOk
to an aerosil/adsorbed 10k 30% surface.
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Figure 4.7. Adsorption as a function of time for the
adsorption of 10k 30% to an aerosil/adsorbed 140k 6% surface.
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able to either penetrate the polymer brush nor desorb any of the 140k 6%
sample. This results in no adsorption for the 10k 30% sample.
The results are much different for the sequential adsorption case in which
the 10k 30% sample is adsorbed first (Figure 4.7). Almost immediately, the
two samples adsorb to the same degree resulting in a mixed surface. It is
important to note that the amount of 10k 30% sample adsorbed does not
decrease over time. This means that the 140k 6% sample is not desorbing the
10k 30% sample. It appears that the 140k 6% sample adsorbs by diffusing
through the adsorbed layer. In comparison to the 140k 6%/lOk 6% results,
increasing the modification from 6% to 30% (for the 10k sample) results in
more competition for the surface during simultaneous and the low/high
competitive adsorpitons.
4.3.3 50k 6%/lOk 30% Competitive Adsorptions
Figures 4.8, 4.9, and 4.10, detail the results for the 5()k 6%/lOk 30%
samples (for data see Appendix A. 8). For these experiments, the actual
number of adsorbing segments is equal for both samples. The adsorption
results should be a good indicator of the molecular weight control on
competitive adsorptions.
For the simultaneous adsorptions, Figure 4.8, the lOk 30% adsorbs to a
greater degree than the 50k 6%. The total adsorption for the 5()k 6% sample
is much less under competitive conditions than under the nomial ad.sorption
conditions (see Figure 3.8). This trend takes place at all concentrations. These
results indicate that there is a molecular weight control on the competitive
adsorption.
For the sequential adsorption where the 10k 30% sample is adsorbed first
(Figure 4.9), a dominated adsorption takes place. The 10k 30% sample
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Figure 4.9. Adsorption as a fijnction of time for the adsorption of 50k
to an aerosil/adsorbed lOic 30% surface.
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dominates the adsorption with little 50k 6% sample adsorbing. The 50k 6%
sample is unable to either desorb the 10k 6% sample or diffuse through the
adsorbed polymer brush to adsorb to the surface.
When the 50k 6% sample is adsorbed first (Figure 4.10), a mixed surface
results. Within the time frame of the first measurement, the two samples have
adsorbed to roughly the same amount. The amount adsorbed for the 50k 6%
is decreased by about half This means that the 10k 30% sample is able to
desorb the 50k 6% sample from the surface.
These competitive adsorptions indicate that there is some molecular
weight control taking place. For each case, the 10k 30% sample competes
very favorably with the 50k 6%. Although these results may seem unexpected,
with respect to the observed molecular weight effects in Chapter 3, they do
agree with a theoretical model put forth by Milner^.
Milner predicts that if two polymers with the same number of adsorbing
segments and different molecular weights are adsorbed sequentially (high
molecular weight adsorbed first) the lower molecular weight sample will
displace the high molecular weight sample. Milner's results are shown in
Figure 4.11. The Figure shows that the shorter chains will displace the longer
chains with a continually decreasing brush height. Milner's model is based on a
scaling law model comparing the the characteristic construction time for a
polymer brush, the exchange time (exchange between an adsorbed polymer and
a polymer in solution), and the desorbing or "washing" time. The results
shown in Figure 4. 1 1 are due to the faster washing rate when shorter chains
are introduced to an adsorbed layer of longer chains. The shorter chains
increase in the escape velocity of the longer chains and eventually displace the
longer chains in the adsorbed layer. Critical to this model is that each polymer
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Figure 4.11. Theoretical prediction for the amount adsorbed for a low
molecular weight polymer (L), a high molecular weight polymer (H), and the
adsorbed brush height (B) as a function of time in a sequential competitive
adsorption. The high molecular weight polymer is adsorbed first followed by
the addition of the low molecular weight polymer. Both polymers have an
equal number of adsorbing segments. Reprinted fi*om reference 7.
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has an equal number of adsorbing segments with the same sticking potential.
This model is mentioned to help explain the experimental results of the 50k
6%/lOk 30% competitive adsorption.
4.4 Summary
Three sets of competitive adsorptions were conducted. For each set, the
simultaneous and sequential adsorptions were measured. The results of these
adsorptions are listed below:
1) For the 140k 6%/ 10k 6% adsorptions, the 140k 6% sample
dominates in all three cases. The 10k 6% sample cannot desorb the 140k
6% or difflise through the adsorbed layer to reach the surface.
2) For the 140k 6%/ 10k 30% adsorptions, the 10k 30% sample
competes favorably in both the simultaneous adsorption and the
sequential adsorption in which the 10k 30% sample is adsorbed first.
Both cases yield mixed surfaces. The 10k 30% sample does not adsorb
in the sequential adsorption when the 140k 6% sample is adsorbed first.
In this case, the 10k 30% cannot desorb the 140k 6% sample.
3) In the 50k 6%/lOk 30% system, the 10k 30% sample adsorbs to a
greater degree than the 50k 6% sample in all cases. During simultaneous
adsorption the 10k 30% adsorbs about twice as much as the 50k 6%. In
the competitive adsorption where the 10k 30% is adsorbed first, the 50k
6% sample does not desorb the 10k 30%. When the 50k 6% is
adsorbed first, the 10k 30% is able to desorb a large amount 50k 6% to
give a mixed surface.
4) The results of the 50k 6%/10k 30% system also correlate well with
theoretically predicted behavior for molecular weight effects on
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competitive adsorptions when the number of adsorbing segments are held
constant.
1
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CHAPTER 5
POLYMER ADSORPTION TO
MODIFIED POLYMER SURFACES
5.L Introduction
The modification of polymer surfaces by many different methods has
been done with the intent to control such surface properties as wettability^
adhesion^, and lubrication^. The McCarthy research group^ has developed
detailed surface specific modification procedures for such chemically inert
polymers as poly(chlorotrifiuoroethylene)5-9, poly(vinylidene fluoride)^^,! 1^
poly(tetrafluoroethylene) ^ 2, poly(hexafluoropropylene-co-
tetrafluoroethylene)^-^, polyethylene^^, polypropylene'^, and
poly(ethercthcrketone)'^. These modifications use chemical methods to
introduce specific organic functionalities (i.e. alcohols, carboxylic acids) at
precise depths and densities.
Polymer adsorption is critically dependent on the surface affinity between
the polymer and the substrate. The Scheutjens and Fleer (MF) theory
predicted that as the surface affinity increases the polymer adsorption will also
increase'^ (see Figure 1.7). Surface affinity is controlled by both the polymer
segments (in this case the fijnctional group used for the sticky foot) and the
substrate surface functionality. Because polymer surface modification allows
one to quantitatively change the surface functionality, the role of surface
affinity can be studied experimentally. Reported here is the preparation of
poly(chlorotrifluoroethylene) surfaces with alcohol, amine, ester, and
carboxylic acid functionalities coupled with the preparation aminated glass
slide surfaces. These surfaces were then used in polymer adsorption studies
with the same SF polymers prepared and used in chapters 2-4.
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5.2. Experimental
The preparation of modified polymer films was done in accordance with
already published procedures which were developed in the McCarthy research
group8'9, 18 xhe substrate used was poly(chlorotrifluoroethylene) (PCTFE)
because it can be surface modified to yield several different surface organic
fijnctionalities with relative ease (see Figures 5.1, 5.2 and 5.3). The modified
PCTFE surfaces prepared for these experiments were the PCTFE-alcohol
(PCTFE-OH), PCTFE-amine (PCTFE-N), PCTFE-ethyl ester (PCTFE-OEt),
and the PCTFE-carboxylic acid (PCTFE-A). Glass slides and aminated glass
slides were also used as substrates for adsorption experiments. The aminated
glass slides were prepared as shown in Figure 5.3. All of the surfaces and the
subsequent adsorptions were analyzed by XPS and water contact angle. The
same poly(styrene-Z)-4-hydroxybutene)s used in the adsorption studies in
chapters 3 and 4 were used here.
5.2.1. Materials
Tetrahydrofuran (THF) was distilled from sodium/benzophenone.
Heptane was distilled from calcium hydride. Benzene was distilled from
calcium hydride. Ethanol was dried over molecular sieves.
Bromotrimethylorthobutyrate (BTMOB) was distilled (trap-to-trap) from
potassium carbonate. Thionyi chloride was distilled from calcium chloride and
distilled (trap to trap). 3-bromo-l-propanol was distilled from potassium
carbonate. Methyl vinyl ether was distilled from, calcium hydride.
Acetaldehyde 3-bromopropyl ethyl acetal (BrPEAA) was synthesized
according to a previously reported procedure^. /er/-Butyllithium,
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Figure 5.1. Preparation of PCTFE-alcohol surfaces.
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Figure 5.2, Preparation of carboxylic acid and ester PCTFE surfaces.
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Figure 5.3. Amination of hydroxyl surfaces.
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trifluoroacetic acid, 3-aminopropyltriethoxysiIane, and HCl were used as
received. PCTFE (Allied-Signal Aclar 33C) was extracted in boiling
dichloromethane and dried under vacuum for 24 hours.
5.2.2 Preparation of PCTFE-A^ NB 6-4
BTMOB was dissolved in 50 ml of heptane and cooled to -78 oc. A 1 .7
M /erZ-butyllithium solution was added to 50 ml of Heptane (1:1 ratio of /er/-
butyllithium
:
BTMOB) by cannula and cooled to -78 ^C. The tert-
butyllithium solution was then added slowly to the BTMOB solution by
cannula and stirred for 15 minutes. The resulting lithium salt solution was
warmed to -20 and stirred for 30 minutes. The solution was cooled to -78
OC and then 30 ml ofTHF (cooled to -78 oC) was added by cannula to
dissolve the lithium salt. This solution was added to a nitrogen purged Schlenk
tube containing PCTFE film equilibrated at -20 oc. After 30 minutes, the film
was washed with cold methanol (-78 ^C), room temperature methanol,
distilled water, methylene chloride and dried under vacuum for 24 hours.
The PCTFE-trimethylorthobutyrate surface was hydrolyzed in a refluxing
mixture of 80:20:5 distilled water : acetone : trifluoroacetic acid for 24 hours.
Then the film was washed with distilled water, methanol, methylene chloride,
and then dried under vacuum for 24 hours.
5.2.3 Preparation ofPCTFE-OEt^ NB 6-79
Into a nitrogen purged Schlenk tube containing PCTFE-A, 20 ml ofTHF
and 5 ml of thionyl chloride were cannulated. After 24 hours, the thionyl
chloride solution was removed and the film was washed with THF. Then, 20
ml ofTHF and 5 ml of ethanol were cannulated into the Schlenk tube. After
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24 hours, the solution was removed and the film was washed with THF,
methanol, methylene chloride, and dried under vacuum for 24 hours.
5.2.4 Preparation of PCTFE-OH^ NB 6-105
BrPEAA was dissolved in 50 ml of heptane and cooled to -78 ^C. A
solution of rm-butyllithium in 50 ml of heptane was cooled to -78 and
cannulated into the heptane/BrPEAA solution slowly giving a 1:1 BrPEAA to
butyllithium solution. The solution was stirred for 15 minutes. The resulting
lithium salt solution was warmed to -20 for 30 minutes. The solution was
then cooled to -78 and 30 ml of THF was added by cannula to dissolve the
lithium salt. This solution was then added to a nitrogen purged Schlenk tube
containing PCTFE which was equilibrated to -20 OQ After 30 minutes the
solution was removed and the film was washed with cold (-78 ^C) methanol.
The film was then washed with methanol, water, methylene chloride, and dried
under vacuum for 24 hours. The modified PCTFE films were hydrolyzed in a
refluxing solution of watericoncentrated HCl (95:5 ml) for 30 minutes. The
resulting film was washed with water, methanol, methylene chloride and dried
for 24 hours under vacuum.
5.2.5 Preparation of PCTFE-NI^ nB 6-111
To a nitrogen purged Schlenk tube containing PCTFE-OH was
cannulated 20 ml of benzene and 5 ml of 3-aminopropylirimethoxysilane.
After 24 hours the solution was removed and the film was washed with
benzene and dried under vacuum for 24 hours.
5.2.6 Polymer Adsorption to Modified Surfaces
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To a nitrogen purged Schlcnk tube was cannulaled 10 ml of a known
concentration 50/50 cyclohexane/l,2-dichloroethane
- poly(styrene-/>4-
hydroxybutene) solution. The adsorptions were done using the 50k 9%
polymer sample. The adsorptions were run at 25.0 for 24 hours. Then the
polymer film was washed with the adsorption solvent and dried under vacuum.
The adsorptions were analyzed by water contact angle and XPS.
5.2.7 Amination of Class Slides*^ NB 7-115
To a nitrogen purged Schlcnk tube containing a clean glass slide (see
section 3.2) was cannulated 20 ml of benzene and 5 ml of 3-
aminopropyltriethoxysilane. The benzene solution was removed after 24 hours
and the glass slide was washed with benzene and dried under vacuum.
5.2.8 Adsorption to Glass and Aminated (ilass Slides
The.se adsorption experiments were done as detailed in section 5.2.5.
The glass slides were analyzed by XPS and water contact angle.
5.3 Results and Di.scussion
5.3.1 Modification of PCTFF and (ilass Slides
The modification of PCTFE films was done by rigorously following
previously developed procedures''^' Figure 5.4 shows the XPS survey
spectra for PCI FIi, PC I l E-A, PCTFE-OH, PCTI E-N, and PCTFE-OEt. The
modification of PCTFE to give the acid and alcohol surfaces show the
incorporation of oxygen (the 01s peak at 535 eV) and a change in the Cls
peak (288 eV) through the addition of alkyl carbons and C-0 from the addition
of the alcohol and acid groups. Also, the advancing and receding water
contact angles decrease dramatically from 104/75 to 5.5/0 for the PCTFI-:-A
149
EI
1 1 \ 1
1000 800 600 400 ZOQ Q
Binding Energy (eV)
Figure 5.4. 150 takeofif angle XPS survey spectra of (A) PCTFE, (B)
PCTFE-OH, (C) PCTFE-N, (D) PCTFE-A, and (E) PCTFE-OEt.
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and 69/17 for the PCTFE-OH surface (see Table 5.1). The preparation of the
PCTFE-N surface is indicated by the addition of nitrogen in the XPS survey
spectra (the Nls peak at 4(X) eV). The PCTFE-OEt surface shows a rise in the
water contact angle from 55/0 for the PCTFE-A surface to 91/38. The atomic
composition also indicates the fomiation of the ethyl ester group. The atomic
composition for these surfaces are listed in Table 5.2. These results follow the
reported results for the.se modifications.
The successful modification of glass slides to give an aminated glass slide
surface is indicated by the addition of nitrogen to the survey spectra (Figure
5.5). The water contact angle also indicates that the glass slide has been
aminated. The contact angles change from 25/0 to 74/35. The water contact
angles and the atomic composition for the glass slides and the aminated glass
slides are listed in Table 5.1.
5.3.2 Polymer Adsorption to Modified PCTFE and Glass Slides
Concentration isotherms were measured by XPS for the adsorption of the
140k 6% SF polymer sample to each of the modified surfaces (for data see
Appendix A. 9). Figure 5.6 shows the survey spectra for the PCTFE-A,
PCTFE-OH, and the PCTFE-N surfaces after adsorption with the 50k 9%
sample (the PCTFE-OEt is not shown since there was no polymer adsorption).
Figure 5.7 shows the the survey spectra for the adsorbed glass slide and
aminated glass slide surfaces.
Figure 5.8 shows the concentration isotherms for the adsorption of the
140k 6% sample to both glass slide and aminated glass slide surfaces. The
adsorption is measured by the change in C/Si atomic composition ratio from
the XPS 150 takeoff angle data. To measure the difference in the adsorption
between the two surfaces, the relative increase in the C/Si from the clean
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Table 5.1. Advancing and receding water contact angles for
PCTFE polymer and glass surfaces.
Water Contact Angles
Substrate Contact angles
PCTFE 104/75
PCTFE-OH 67/17
PCTFE-N
PCTFE-A
PCTFE-OEt
Glass Slide
74/43
55/0
91/47
25/0
Ajninated Glass Slide 90/39
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5.2. Atomic composition from the 15° takeoff angle XPS data.
Atomic Composition
15" Takeoff Angle Data
Substrate %C %0 %F %C1 %N %Si
PCTFE 32.5 0 50.8 16.7 0 0
PCTFE-OH 67.6 19.9 12.4 0.1 0 0
PCTFE-N 57.8 20.7 1.7 9.3 9.4 1.0
PCTFE-A 73.6 17.4 8.2 0.8 0 0
Glass Slide 24.1 56.3 0 0 0 19.7
Aminated Glass Slide 47.1 31.6 0 0 3.4 18.0
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Figure 5.5. 150 takeofif angle XPS spectra for (A) glass slide and (B)
aminated glass slide surfaces.
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Figure 5.6. 15° takeoff angle XPS survey spectra for the adsorption of
50k 9% to the (A) PCTFE-OH, (B) PCTFE-N, and (C) PCTFE-A surfaces.
50k 9% adsorbed from 50/50 cyclohexane/l,2-<iich]oroethane. Concentration
equals 1.0 mg/ml, temperature equals 25 ^C, and time equals 24 hours.
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Figure 5.7. 1 5° takeoff angle XPS survey spectra for the adsorption of
50k 9% to the (A) glass slide and (B) aminated glass slide surfaces. 50k 9%
adsorbed from 50/50 cyclohexane/l,2-dichloroethane. Concentration equals
1.0 mg/ml, temperature equals 25 ^C, and time equals 24 hours.
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Figure 5.8. Concentration isotherms for the adsorption 50k: 9% to glass
slide and aminated glass slide surfaces. Adsorption measured by the change in
the C/Si atomic composition for the 15^ takeofif angle XPS data.
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surface to the adsorbed surface is shown Table 5.3. The average change in the
C/Si ratio is sHghtly larger (13.3) for the glass slide surface than the aminated
glass slide surface (10.4). This indicates that the polymer adsorption is
essentially the same for both the glass slides than the aminated glass slides.
Figure 5.9 show the concentration isotherms for the adsorption to the modified
PCTFE surfaces. The SF polymer does not adsorb to the unmodified PCTFE
and the unmodified poly(styrene-/)-l,2-butadiene) does not adsorb to the
modified PCTFE surfaces. The adsorptions are followed by the change in the
XPS C/F atomic composition ratio for the 15^ takeoff angle. As explained for
the glass slide adsorptions, to measure the relative adsorption between each of
the modified surfaces the increase in the C/F ratios from the polymer surface to
the polymer/adsorbed surface are listed in Table 5.3. From this data, the
PCTFE-OH surface shows the largest increase in the C/F indicating the largest
polymer adsorption followed by the PCTFE-N, and PCTFE-A surfaces. The
polymer does not adsorb to the PCTFE-OEt surface.
The difference in polymer adsorption to the modified surfaces can be
explained in terms of surface affinity for the polymer to glass surfaces and the
PCTFE-OH, PCTFE-N, and PCTFE-OEt surfaces. The relative surface
affinity for these surfaces can be estimated by the change in the water contact
angle. For each of these surfaces the polymer adsorption decreases with
decreasing surface energy as measured by contact angle. For the PCTFE-A
surface the adsorption is less than the PCTFE-OH surface even though the
surface energy (as measured by water contact angle) is larger. This decrease
may be due to two different factors. The first is that the acid surface may
"hold" the polymer conformation closer to the surface, with less chain
stretching, resulting in a lower graft density. The second is the possibility of
esterification of the SF polymer with the acid surface. It has been reported that
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Table 5.3. The change in the atomic composition ratios from the
The Increase in the C/F and C/Si Atomic Composition Ratios
Resulting from Polymer Adsorption
Substrate q£ c/Si
PCTFE-OH 333
PCTFE-N 24.7
PCTFE-A 72
PCTFE-OEt 0.6
Glass Slide 13 3
Aminated Glass Slide 10 4
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Figure 5.9. Concentration isotherms for the adsorption of 50k 9% to
PCTFE-OH, PCTFE-N, PCTFE-A, and PCTFE-OEt surfaces. Adsorption
measured by the change in the atomic composition for the 15^ takeoff angle
XPS data.
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grafting polystyrene to PCTFE does result in the dissolution of the modified
PCTFE layer 19. This would result in a decrease in the relative polymer
adsorption when compared to the PCTFE-OH surface.
5.4 Summary
Preparing a set of modified polymer (PCTFE) and glass surfaces with
well defmed but different organic functionalities allowed the study of surface
affinity effects of polymer adsorption. Polymer adsorption concentration
isotherms were measured for the adsorption of the 50k 9% sample to each of
the PCTFE surfaces and to the glass surfaces. By comparing the change in the
atomic composition from the nonadsorbed to the adsorbed surface, it was
observed that there are some changes in the polymer adsorption with changing
surface affinity. For the glass slide surfaces, in which the aminated surface has
a lower affinity, the aminated surface has a lower adsorption than the glass
surface. For the PCTFE surfaces, the polymer adsorption increases with
surface affinity for the PCTFE-OEt (no adsorption), to the PCTFE-N and
PCTFE-OH surfaces. The PCTFE-A surface had a higher surface affinity than
the PCTFE-OH surface, but had less polymer adsorption. This is believed to
be caused by factors (adsorption confonnation or dissolution effects) other
than surface affinity.
These results show that modified polymer surfaces are good ad.sorption
substrates because one can prepare surfaces with specific functionality of
known concentration. The inorganic substrates usually employed in adsorption
studies (e.g. aerosil 130) are not as well characterized or understood. More
importantly, coupling these results with the adsorption results detailed in
chapters 3 and 4, a deeper understanding of block copolymer adsorption has
been gained. The research work detailed in this thesis gives critical insight into
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factors that control block copolymer adsorption. This included an analysis of
concentration, time, temperature, solvent, structure, block sizes, competition,
and substrate functionality effects on adsorption. This knowledge base has
critically expanded the understanding of polymer adsorption behavior.
5.5 Thesis summary and future work
The work presented here has involved the synthesis of novel block
copolymers that were used for extensive adsorption studies. This work
resulted in the successful synthesis of poly(styrene-6-4-hydroxybutene) of
known molecular weight and narrow polydispersity. These block copolyme
can be synthesized with precise polymer architectures with specific block
The ability to now prepare block copolymers with alcohol functional groups
allows for further modification of these polymers through alcohol chemistry.
For example, esterifications have been performed on ethylene oxide end-
terminated polystyrene^O and poly(styrene-^)-4-vinylphenol)21. Another
possible modification is the oxidation of the alcohol. Also, hydroboration has
been used for the incorporation of other functional groups on small molecules
other than alcohols. One such example is the hydroboration/amination of
olefins22. Using these developed procedures for small molecule chemical
transformations using hydroboration chemistry is a natural extension to further
modifications of the block copolymer.
The adsorption experiments discussed in chapters 3-5 developed a good
overall understanding of block copolymer adsorption. Analysis of the variables
controlling adsorption included the study of adsorption kinetics, desorption
kinetics, concentration effects, molecular weight effects, relative adsorbing
block sizes, polymer architecture, solvent effects, temperature control, and
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surface affinity. Also, a series of competitive adsorption studies were
conducted.
The results of these studies provide a platform of knowledge to be used
to guide future experimental work involving block copolymer adsorption.
There many interesting and challenging problems to be addressed in the area of
block copolymer adsorption. The role of polymer architecture on adsorption
offers some interesting research areas. The preparation and study of
multiblock systems would provide further insight into architecture effects.
Also, an examination of the temperature and solvent control on different
polymer architectures could be used to tailor surface structure. For instance,
as temperature is increased in a A-B-A triblock system will one anchor desorb
before the whole polymer desorbs. This could result in a dramatic change in
adsorption. The solvent effects on adsorption could be examined to a greater
depth than what was done here. For example, does changing the solvent result
in greater changes in the buoy dominated regime or the anchor dominated
regime. Also, comparing diblock to triblock or random copolymers with
respect to solvent changes could provide some valuable insights.
An area of investigation which was not pursued is the use of displacer
solvents to measure adsorption energies. It has been shown that using
displacer solvents in thin layer chromatography experiments can yield
adsorption energies^^. By doing this, one could determine the relative control
due to chain architecture (relative buoy and anchor block sizes) and stickiness
(number of adsorbing units).
The area of competitive adsorption offers a wide variety of possible
interesting experiments. The results in chapter 5 indicate that molecular weight
and the number of adsorbing segments are critical factors in competitive
adsorptions. Analysis by GPC requires the used of polymers with large
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differences in molecular weight. Radiolabelling could be used to study the
adsorption of polymers with the same molecular weight with a different
number of adsorbing segments or different architectures. This would provide
some important insight into surface conformational control on competitive
adsorptions.
As is the case with all research, as one addresses particular problems the
results provide new questions to be answered. Outlined above are some
possible new areas of study. The research work discussed in this thesis
expanded the scientific knowledge in polymer synthesis and polymer
adsorption. These results will provide a springboard for continued research in
these areas in the future.
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APPENDIX
DATA TABLES
A. 1. Adsorption kinetics data
Data analysis by UV spectroscopy.
Sample time (min) cone, (mp/ml)
50k 0.02% 5 2.00
15 2.00
30 2.00
60 2.00
120 2.00
240 2.00
1440 2.00
50k 3% 15 2.00
30 2.00
60 2.00
120 2.00
480 2.00
1440 2.00
50k 6% 15 1.26
60 1.26
275 1.26
500 1.26
1920 1.26
50k 9% 5 2.00
15 2.00
30 2.00
60 2.00
120 2.00
480 2.00
1440 2.00
50k 12% 5 2.00
15 2.00
30 2.00
60 2.00
120 2.00
240 2.00
1440 2.00
50k 15% 5 2.00
15 2.00
30 2.00
60 2.00
120 2.00
amount adsorbed rmg/m^)
0.40
0.40
0.43
0.41
0.45
0.43
0.44
0.68
0.78
0.80
0.77
0.82
0.78
1.63
1.63
1.62
1.60
1.58
1.54
1.97
2.15
1.93
1.97
2.04
1.93
1.97
1.78
1.87
1.92
1.97
1.78
1.91
1.69
1.82
1.85
1.82
1.78
167
50k 30%
50k random
50k B-A-B
50k A-B-A
iHHKJ 2.00 1.80
O AA2.00 1.69
1 <J AA2.00 1.82
J\J AA2.00 1.85
^ AA2.00 1.82
1 9n1 O AAZ.UO 1.78
Ida O AAZ.UO 1.81
1 AAf\ O AAZ.UU 1.80
QD A OCU.2j 0.09
1 c
1
J
A O CU.25 0.11
Id A O CU.23 0.11
ou A O CU.2j 0.11
1 on
1 zu A OCU.2j 0.11
A O CO.Zj 0.11
1 /I /in A O CU.zj 0.08
c3 O Af\Z.4U 0.40
1 c
1
O Af\Z.4U 0.52
JU O /I AZ.4U 0.52
O /1AZ.4U 0.52
1 on O /1AZ.4U 0.37
ZhU O /1AZ.4U A O T0.37
1 /I /in O ACiZ.4U 0.24
r
D A AdU.4U A O O0.32
1 r
1 3 A /1AU.4U A O /I0.34
JU A /1AU.4U A T /I0.34
60 A /1AU.4U A O C0.35
1 OAIzU A AdU.4U A 10U.3Z
/I OA A AdU.4U U.5 J
r
J 0 nnZ.UU 1 . / J
1 r15 0 ddZ.UU 1 Q7
0 nnZ.UU 1 7ft1 . /o
/CA 0 nnZ.UU 1 77
1 OAIzU O AAZ.UU 1 .53
240 O AAZ.UU 1 QO1 .oZ
1440 O AA2.UU 1 7^1 . / 3
5
A /I AU.4U A C<U.33
15 A /I AU.4U d AlU.O 1
30 A ylAU.4U d f,dU.OU
60 A AdU.4U U.03
120 A /1AU.4U
A OA480 A AdU.4U n 61
5
O AA2.UU 1 911 .Z3
15 2.00 1.29
30 2.00 ' 1.45
60 2.00 1.35
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120 2.00 1 35
480 2.00 1.37
1440 2.00 1 22
Data taken from LB 7-85 (50k 0.02%), LB 7-1 1 1 (50k 3%), LB 4-118 (50k
6%), LB 7-1 1 1 (50k 9%), LB 7-83 (50k 12%), LB 7-89 (50k 15%), LB 7-91
(50k 30%), LB 7-79 (50k random), LB 7-95 (50k B-A-B), and LB 7-93 (50k
A-B-A).
A. 2. Adsorption concentration isotherm data
Data analysis by UV spectroscopy.
sample
50k 0.02%,
50k 3%
50k 6%
50k 9%
cone, (mg/ml) amount adsorbed (mo/rn^)
0.3 0.11
0.5 0.20
0.7 0.22
1.0 0.29
1.3 0.28
1.5 0.23
2.0 0.32
2.4 0.28
0.5 0.38
1.0 0.46
1.25 0.73
1.5 0.61
1.75 0.80
2.0 0.78
2.2 0.73
1.0 1.05
1.26 1.62
1.39 1.54
1.74 1.84
2.06 2.18
2.34 2.38
2.60 2.30
2.83 2.28
0.5 0.47
0.99 1.17
1.46 1.88
1.89 2.20
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50k 12%
50k 15%
50k 30%
50k random
50k B-A-B
50k A-B-A
2.27 2.44
2.61 2.38
2.92 2.30
3.20 2.36
0.50 0.66
0.95 0.96
1.36 1.53
1.72 1.70
2.05 1.73
2.35 1.80
2.49 1.94
2.63 1.81
0.30 0.31
0.50 0.47
0.70 0.84
1.00 1.13
1.50 1.50
1.80 2.00
2.10 2.10
2.30 1.92
0.50 0.31
1.08 1.06
1.60 1.52
2.06 1.62
2.48 1.54
0.30 0.11
0.50 0.20
0.70 0.23
1.00 0.29
1.30 0.28
1.50 0.23
2.00 0.32
2.40 0.26
0.50 0.36
0.70 0.78
1.00 1.01
1.50 1.11
1.70 1.41
2.00 1.45
2.20 1.40
0.50 0.77
0.70 0.93
1.00 0.98
1.43 0.96
1.82 1.00
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10k 6%
1 Ok 1 5%
10k 30%
140k 6%
140k 15%
140k 30%
0 17Z. 1 / 0.98
U. JU 0.45
1 .uU 0.84
11 1.22
1 . /u 1.31
1.38
0 1 n
1.76
1.49
7 zl7
1.44
yJ.jyj 0.68
1 .uu 1.29
l.DU 1.33
1 if\1 . /u 1.41
7 on
1.39
7 70 1.38
0.31
0.66
0.76
1 .uu 0.93
1 ^o
1 . jU 0.95
1 QO
1 .oU 0.89
i.yj 0.76
7 1 OZ. lU 1.08
o ^OU. DU 0.52
1 OOl.UU A OA0.89
1 11.1 . / J 1.41
1 07 1 cni.jy
7 10Z. 1 y 1
7 70Z.ZU 1 o cl.OJ
7
z.
1 OA
7 <7Z.J / 1 O 1
O IdU.JU A 'JOU, Jz
o <oU. jU A y1 CU.4J
O 70U. /U
1 OO
1 .UU A QO
1 ^o 1.4Z
1 70
1. /u 1 071 .yz
O OO
z.UU 7 AylZ.U4
z.zU 7 A7z.uz
o io
U.JU A 'J 1U, J 1
n CA A /^lU.Ol
0.70 A O ^0.86
1.00 1.18
1.50 1.73
1.70 1.84
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50k 6% - DCE
50k 6% - cyclohexane
2.00
1.13
1.46
1.75
2.08
2.37
1.25
1.50
1.72
1.92
2.10
2.26
1.75
0.96
1.16
1.11
1.09
1.04
1.47
1.86
2.25
2.34
2.38
2.10
Data taken from LB 7-13 (50k 0.02%), LB 7-103 (50k 3%), LB 4-118 (50k
6%), LB 7-109 (50k 9%), LB 7-53 (50k 12%), LB 4-96, LB 5-136, LB 4-96
(50k 15%), LB 4-99 (50k 30%), LB 7-81 (50k random), LB 7-59 (50k B-A-
B), LB 7-61 (50k A-B-A), LB 4-88 (10k 6%), LB 4-71 (10k 15%), LB 4-98,
LB 5-137 (10k 30%), LB 5-49 (140k 6%), LB 5-135 (140k 15%), LB 5-52,
LB 5-134 (140k 30%), LB 5-62 (50k 6% - DCE), and LB 5-65 (50k 6% -
cyclohexane).
A. 3. Adsorption isotherm data - dilution experiment
Dilution of 140k 6% sample adsorbed to aerosil 130 at an initial concentration
of2.2mg/ml. Each dilution was allowed to adsorb for 8 hours each. Analysis
by UV spectroscopy. Data recorded in LB 5-100.
sample cone, (mg/ml) amount adsorbed (meJm^)
140k 6% 1.65 1.83
1.24
0.88
1.82
1.67
A. 4. Total polymer adsorption
Plateau adsorption values measured by TGA.
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^^ni2le Amount Adsorbed rmg/m2) Ref.rLB^
50k 0.02% 0.35 TTT
—
50k 3% 0.75
50k 6% 2.88
50k 9% 3.15
50k 12% 2.30
50k 15% 2.10
50k 30% 1.5
10k 6% 1.50
10k 15% 1.35
10k 30% 0.89 5.47
140k 6% 1.74 5.49
140k 15% 2.15
140k 30% 1.77
7-103
5-47
7-73
7-53
5-47
5-10
5-47
5-47
5-60
5-53
A. 5. Total polymer adsorption to glass slides
Adsorption data taken from the XPS atomic composition for the C/S;
ratio at 1 5^ take off angle. Solution concentration is 1.5 mg/ml for all
samples.
Sample C/Si ReffLB)
clean glass 1.6 4-34
50k 0.02% 3.8 7-34
50k 3% 11.6 7-105
50k 6% 16.0 4-119
50k 9% 20.9 7-107
50k 12% 12.2 7-119
50k 15% 10.1 4-100
50k 30% 6.9 4-104
A. 6. Adsorption to glass slides - thickness data
Adsorptions of the 50k samples to glass slides were measured by
XPS. The atomic composition of the Si was used to calculate the adsorbed
polymer layer thickness. The adsorptions were done at a concentration of 1 .0
mg/ml. Data was taken from NB 5-13, 7-34, 7-105, 7-107, 7-119. Below is
the data used for this calculation:
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Sample 1 ais.cuii dugie Si
0.02% 1 S1 J 12.4
0.02% 1 C15.3
3% o0.5
3% 7S 1 113.1
6% 5.2
6% 75
9% 15
9% 75 1 1,0
12% O.J
12% 75 13.1
15% 15 9.4
15% 75 14.3
30% 15 13.0
30% 75 17.5
A. 7. Adsorption to glass slides - temperature experiments
Adsorption to glass slides at varying temperatures mesured for 1.0 mg/ml
solutions. Data from the XPS analysis for the C/Si atomic composition for the
15*^ take off angle.
Sample Temp. ( OQ C/Si ReffLB)
50k 6% 25 16.0 4-119
50k 6% 50 42.6 5-67
50k 6% 75 31.4 5-68
50k 30% 25 6.9 4-104
50k 30% 50 6.7 5-11
50k 30% 75 6.4 5-11
140k 6% 25 9.1 5-87
140k 6% 50 21.3 5-103
140k 6% 75 22.1 5-104
A. 7. Competitive adsorptions
10k 6%/l 40k 6% competitive adsorptions. Analysis by GPC. Data
taken from LB 5-72, 5-73, 5-77, 5-78, 5-96, 5-99.
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Simultaneous adsorptinn-
Amt Ads (mg/m2)
cone (mg/ml) jok
0.5 0 0.39
0 1.12
II ^ 166
2.0 0 1.59
Sequential adsorption - 10k/14Qk
time lOk MOk
0 1.50 0
15 0 1.59
60 0 1.61
120 0 1.63
240 0 1.62
480 0 1.60
Sequential adsorption - 140k/10k
time 10k 140k
0 0 1.80
15 0 1.81
30 0 1.75
60 0 1.74
120 0 1.77
240 0 1.78
480 0 1.77
140k 6%/lOk 30% competitve adsorption. Analysis by GPC. Data taken from
LB 5-123, 5-127, 7-117.
Simultaneous adsorption:
cone 10k 140k
0.5 0.61 0.85
1.0 1.07 1.68
1.5 1.06 1.28
2.0 1.00 2.11
2.2 1.08 2.03
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Sequential adsorption -1 01^/1 anir-
^ jOk 140k
00 0.89
15 1.08
60 0.95
120 1.11
240 1.06
Sequential adsorption
-140k/10k: '
1.05
1.08
1.08
1.00
iOk 140k
0 0 1.80
15 0 1.76
60 0 1 77
120 0 1 80
240 0 1 82
480 0 1 81
50k 6%/lOk 30% competitive adsorptions. Data analysis by GPC. Data taken
from LB 7-19, 7-20, 7-31, 7-51, 7-52.
Simultaneous adsorption:
cone 10k 50k
0.5 0.44 0.24
1.0 0.81 0.51
1.5 1.09 0.67
1.7 1.14 0.79
2.0 1.33 0.85
Sequential adsorption - 10k/50k:
time 10k 50k
0 0.95 0
15 0.85 0.07
60 0.94 0.06
120 0.95 0.09
240 1.01 0.09
480 1.04 0.08
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Sequential adsorption - 50k/10k-
1111 1^
0
1 A110k 50k
AU 2.80
15 1.10 0.86
60 1.10 0.88
120 1.05 0.88
240 1.08 0.84
480 1.07 0.88
%
A. 8. Adsorption to modified polymer surfaces
Atomic composition data for glass and modified polymer surfaces. 150
take off angle XPS data. For glass slides, data taken fi-om LB 5-85, 7-105, 7
1 15, 7-121, 7-123. For modified polymer surfaces, synthesis and adsorption
data taken from LB 6.
Adsorption of 50k 9% to glass slides and aminated glass slides:
glass slides: cone Cmg/mH %C %0 %Si %N
0 24.1 56.3 19.7 0
0.05 67.2 28.0 4.8 0
0.1 77.0 14.7 8.4 0
0.5 78.9 14.9 6.2 0
1.0 82.5 11.7 5.7 0
aminated glass slides: 0 47.1 31.6 18.0 3.4
0.005 60.5 28.3 8.7 2.5
0.05 66.0 27.3 4.9 2.0
0.1 65.3 27.5 5.5 1.7
0.5 64.9 29.8 3.8 1.6
1.0 65.1 29.4 3.9 1.6
Adsorption of 50k 9% to modified PCTFE surfaces:
cone fmg/ml) %c %0 %F %C1 %N %Si
PCTFE: 0 32.5 0 50.8 16.7 0 0
PCTFE-acid 0 73.6 17.4 8.2 0.8 0 0
0.1 80.2 13.7 4.7 1.4 0 0
0.5 79.0 16.5 3.9 0.8 0 0
1.0 77.5 16.1 4.4 1.7 0 0
1.5 82.6 10.6 5.1 2.1 0 0
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PCTFE-OH
PCTFE-amine
PCTFE-OEt
" 67.6 19.9
01 73.0 22.5
0- 5 77.6 19.8
10 77.3 18.8
1- 5 77.0 19.2
0 57.8 20.7
0 1 88.0 6.9
0- 5 87.5 9.5
1 0 82.0 13.5
1- 5 88.2 9.6
0 69.7 18.6
0.1 70.2 18.8
0-5 71.4 16.8
1 0 68.8 19.0
1 5 69.2 18.7
12.4 0 1 U
3.7 1 3 u
2.1 1 4 0 AU
2.0 1 9 0 A\J
2.2 1 7 0 AU
1.7 9 3 Q 4 1 n
1.2 1 R1 .o A /I
1.2 0 6 1 .H
1.5 1 1 1 Ri .o 1 .J
1 2 1 c1 .J
9 9 1 Q nu Au
9.5 1.5 0 0
10.1 1.7 0 0
10.2 2.0 0 0
10.7 1.4 0 0
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